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Avant-propos
Cette thèse est rédigée sous la forme d’une thèse sur articles. Les travaux de recherche
présentés dans cette thèse ont été effectués dans le cadre d’un contrat doctoral d’une durée
de trois ans ﬁnancé, à parts égales, par l’Ofﬁce National des Forêts (ONF) et la Fédération
Nationale des Chasseurs (FNC). Le doctorat s’est déroulé au sein du Laboratoire de Biométrie
et Biologie Evolutive (LBBE) UMR 5558 du CNRS, de l’Université Claude Bernard Lyon
1 (UCBL). J’ai fait partie de l’équipe Ecologie Quantitative et Evolutive des Communautés
(EQEC) du département d’Écologie Évolutive, et j’étais rattachée à l’école doctorale ED 341-
E2M2 (Evolution Ecosystèmes, Microbiologie, Modélisation).
Comme cette thèse sera archivée électroniquement, ce manuscrit contient des hyperliens,
qui apparaissent en couleur dans le document, permettant au lecteur d’accéder directement au
contenu associé en cliquant dessus.
Dans le cadre de ce doctorat, je me suis impliquée dans la recherche scientiﬁque, l’ensei-
gnement et la vulgarisation. Le détail de ces activités est décrit ci-dessous.
J’ai publié un article en première auteure :
• E. Schermer, M-C. Venner, D. Fouchet, A. Siberchicot, V. Boulanger, T. Caignard, M.
Thibaudon, G. Oliver, M. Nicolas, J-M. Gaillard, S. Delzon & S. Venner (2019). Pollen
limitation as a main driver of fruiting dynamics in oak populations. Ecology Letters, 22,
98-107.
https://doi.org/10.1111/ele.13171
J’ai participé à l’élaboration de trois autres articles en lien avec ma problématique de thèse :
• S. Venner, A. Siberchicot, P-F. Pélisson, E. Schermer, M-C. Bel-Venner, M. Nicolas,
F. Débias, V. Miele, S. Sauzet, V. Boulanger & S. Delzon (2016). A Resource Budget
Model to couple mast seeding to pollination efﬁciency and resource allocation strategies.
The American Naturalist, 188(1), 66–75.
https://www.journals.uchicago.edu/doi/abs/10.1086/686684
• L. Touzot, M-C. Bel-Venner, M. Gamelon, S. Focardi, V. Boulander, F. Débias, S. Saïd,
E. Schermer, E. Baubet, J-M. Gaillard & S. Venner (2018). The ground plot method :
a valid and reliable assessment tool for quantifying seed production in temperate oak
forests. Forest Ecology and Management, 430, 143-149.
https://doi.org/10.1016/j.foreco.2018.07.061
• G. Vacchiano, D. Ascoli, F. Berzaghi, M.E. Lucas-Borja, T. Caignard, A. Collalti, P.
Mairota, C. Palaghianu, C. Reyer, T. Sanders, E. Schermer, T.Wohlgemuth &A. Hacket-
Pain (2018). Reproducing reproduction : How to simulate mast seeding in forest models.
Ecological Modelling, 376, 40-53.
https://doi.org/10.1016/j.ecolmodel.2018.03.004
J’ai publié trois articles de vulgarisation en première auteure :
• E. Schermer, V. Boulanger, S. Delzon, S. Said, S. Focardi, B. Guibert, J-M. Gaillard &
S. Venner. Fluctuations des glandées chez le Chêne : mieux les comprendre pour mieux
anticiper la régénération? Rendez-vous Technique de l’ONF n°50, p 21-29.
• E. Schermer, V. Boulanger, C. Saint-Andrieux, S. Delzon, S. Said, B. Guibert, J-M.
Gaillard & S. Venner. Fluctuations des glandées chez le Chêne : mieux les comprendre
pour mieux contrôler les populations d’ongulés. Lettre Ongulés sauvages n°20, p 19-21.
• E. Schermer, V. Boulanger, S. Delzon, S. Said, S. Focardi, B. Guibert, J-M. Gaillard
& S. Venner. Fluctuations des glandées chez les chênes : mieux les comprendre pour
mieux les prévoir et anticiper leurs conséquences. Forêt Nature n°145.
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J’ai communiqué les résultats de cette thèse lors de deux colloques scientiﬁques internatio-
naux, un colloque scientiﬁque national et deux colloques locaux, lors d’un séminaire à destina-
tion des gestionnaires forestiers, et dans le cadre d’une collaboration scientiﬁque internationale :
• Présentations orales
— E. Schermer, A. Siberchicot, M-C. Venner, S. Delzon, J-M. Gaillard, S. Venner.
Resource Budget Models to study the masting phenomenon. Task Group WG2 :
Seed masting modeling – EU COST PROFOUND, Université de Turin, Italie, 18-20
avril 2016.
— E. Schermer, A. Siberchicot, D. Fouchet, M-C. Venner, V. Boulanger, B. Gui-
bert, J-M. Gaillard, S. Venner. Rôle de la dynamique pollinique dans le masting
du Chêne. Colloque DECRYPthèse 2016 organisé par l’association DocE2M2, Uni-
versité Claude Bernard Lyon 1, 5 avril 2017.
— E. Schermer, D. Fouchet, A. Siberchicot, M-C Venner, T. Caignard, F. Débias, V.
Boulanger, B. Guibert, J-M Gaillard, S. Delzon, S. Venner. Fruiting pulses in oak
populations : Does pollen dynamic set the tempo? Colloque national « le Petit Pois
Déridé », Plateau de Saclay, Paris, 6-9 juin 2017.
— E. Schermer, M-C. Venner, D. Fouchet, A. Siberchicot, V. Boulanger, T. Caignard,
M. Thibaudon, M. Nicolas, J-M. Gaillard, S. Delzon, S. Venner. La dynamique pol-
linique donne-t-elle le tempo? Kfé R&D ONF, 8 décembre 2017.
— E. Schermer, M-C. Venner, D. Fouchet, A. Siberchicot, V. Boulanger, T. Caignard,
M. Thibaudon, G. Oliver, M. Nicolas, J-M. Gaillard, S. Delzon & S. Venner. Pollen
limitation as a main driver of fruiting dynamics in oak populations. Société Française
d’Ecologie et d’Evolution (SFE 2), Rennes, France, 23-25 octobre 2018.
• Posters
— E. Schermer, A. Siberchicot, M-C. Venner, S. Delzon, V. Boulanger, B. Guibert,
D. Fouchet, J-M. Gaillard, F. Débias, S. Sauzet, S. Venner. Reciprocal effects of the
amount of pollen released and fruiting dynamics : oak trees as a case study. The 6th
European Symposium on Aerobiology of the European Aerobiology Society (ESA),
Lyon, 18-22 juillet 2016.
— E. Schermer, D. Fouchet, A. Siberchicot, M-C Venner, T. Caignard, F. Débias, V.
Boulanger, B. Guibert, J-M Gaillard, S. Delzon, S. Venner. Quand la dynamique
pollinique pilote la dynamique des fructiﬁcations des arbres forestiers : le cas du
Chêne. Journée de la faculté des sciences et technologies à l’UCBL, Lyon, 22 juin
2017, prix du meilleur poster.
J’ai participé à trois sessions de discussion avec des chercheurs internationaux :
• G. Vacchiano, D. Ascoli, F. Berzaghi, T. Caignard, C. Palaghianu, C. Reyer, E. Scher-
mer & A. Hacket-Pain. Task Group of Work Group 2 : Seed masting modeling – EU
COST PROFOUND, Turin, Italie, 18-20 avril 2016.
• G. Vacchiano, F. Berzaghi, M.E. Lucas-Borja, T. Caignard, P. Mairota, C. Palaghianu,
E. Schermer, T. Wohlgemuth & A. Hacket-Pain. Task Group of Work Group 2 : Seed
masting modeling – EU COST PROFOUND, Cambridge, Angleterre, 2-4 juin 2017.
• G. Vacchiano, D. Ascoli, P. Mairota, F. Berzaghi, T. Caignard, C. Palaghianu, E. Scher-
mer, T. Wohlgemuth, K. Kramer, M. Bogdziewicz, V. Journe, I. Pearse, M. Pesendorfer,
M. Fernandez-Martinez & A. Hacket-Pain. Task Group of Work Group 2 : Seed masting
modeling – EU COST PROFOUND, Milan, Italie, 3-5 avril 2018.
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J’ai participé à l’encadrement de quatre stagiaires :
• Nina Combet (IUT 2ème année, Lyon, 2016) : Stratégies de ﬂoraison et de fructiﬁcation
des chênes sessiles (Quercus petraea).
• Sylène Monnier (IUT 2ème année, Lyon, 2016) : Analyse de l’impact des émissions
polliniques du chêne sur la démographie des populations de sangliers.
• Quentin Ganivet (L3 Bioinformatique, Lyon, 2017) : Analyse via la modélisation de
l’impact de différentes conditions printanières sur les dynamiques des glandées.
• Maéva Repelin (M2 Modélisation en écologie, Rennes, 2017) : Vers une théorie uniﬁée
de la biodiversité en environnement variable : approche par modélisation de dynamiques
d’espèces en compétition pour une ressource pulsée.
J’ai dispensé 42 heures de cours de statistiques à l’université de Lyon 1 sous forme de
travaux tutorés et de travaux dirigés à des étudiants en licence (de la première à la troisième
année) :
• 21 heures de travaux tutorés dispensées à des étudiants en L1 en "mathématiques pour
les sciences du vivant" (MathSV)
• 15 heures de travaux tutorés dispensées à des étudiants en L2 en "bioinformatiques"
(Bioinfo)
• 6 heures de travaux pratiques sur le logiciel R dispensées à des étudiants en L3 en "ap-
proches statistiques et bioinformatiques du vivant" (ASBIV)
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Introduction générale
Le terme « masting » ou « mast-seeding » voire « mast-fruiting » provient du mot anglo-
saxon « maest » qui désignait les fruits forestiers tombés au sol en grande quantité certaines
années, et qui étaient traditionnellement utilisés pour engraisser les porcs en automne (Figure 1,
Koenig & Knops, 2005). Si le terme de masting est utilisé depuis l’époque médiévale, ce n’est
que récemment que les scientiﬁques ont commencé à comprendre l’importance écologique du
masting sur l’ensemble de l’écosystème forestier, son évolution et ses mécanismes biologiques
sous-jacents (Koenig & Knops, 2005). Désormais, le masting ne désigne plus un évènement
annuel de production massive de fruits d’espèces forestières, mais plutôt une dynamique de
fructiﬁcation caractérisée par de fortes variations inter-annuelles de production de fruits syn-
chronisées à l’échelle d’une population de plantes pérennes (Janzen, 1976 ; Silvertown, 1980 ;
Kelly, 1994).
Les causes évolutives du masting qui ont été les plus testées sont le mécanisme de satiation
des consommateurs de fruits et l’augmentation de l’efﬁcacité de la pollinisation (Silvertown,
1980 ; Nilsson & Wastljung, 1987 ; Norton & Kelly, 1988 ; Sork, 1993 ; Kelly, 1994 ; Koenig
et al., 1994 ; Kelly & Sork, 2002). Selon le mécanisme de satiation des consommateurs de
fruits, le masting permettrait de contrôler efﬁcacement la densité des consommateurs de fruits
(Rees et al., 2002). Les années de faibles productions de fruits à l’échelle d’une population, qui
précèdent et suivent une fructiﬁcation massive, maintiendraient les populations de consomma-
teurs de fruits à un faible effectif. Le caractère rare et imprévisible des fructiﬁcations massives
synchronisées à l’échelle d’une population permettrait à un maximum de fruits d’échapper à
la consommation, car les consommateurs seraient en nombre insufﬁsant pour être en mesure
de consommer la totalité de cette ressource subitement surabondante, et arriveraient donc rapi-
dement à satiété. Cette hypothèse s’appuie sur de nombreuses études empiriques qui montrent
que le taux de survie des fruits est plus élevé les années de fructiﬁcation massive (Kelly et al.,
2008 ; Espelta et al., 2008 ; Linhart et al., 2014). Chez les espèces qui dépendent du pollen exo-
gène (i.e. pollen produit par les autres arbres de la population) pour la reproduction, le masting
permettrait d’augmenter l’efﬁcacité de la pollinisation (Smith et al., 1990). Le succès de pol-
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linisation des individus-plantes augmenterait d’autant plus qu’ils sont fortement synchronisés
pour la ﬂoraison (Crone & Lesica, 2006 ; Moreira et al., 2014). Selon ces deux hypothèses évo-
lutives, le masting serait la résultante des stratégies de reproduction individuelles permettant
aux individus-plantes de maximiser leur succès reproducteur (Kelly & Sullivan, 1997 ; Tachiki
& Iwasa, 2010).
Figure 1 – Enluminure tirée du livre d’heures « Les Très Riches Heures » conçu par les frères
Limbourg en 1416 dans les Flandres. Cette enluminure illustre le mois de Novembre et montre
un paysan lançant un bâton pour faire tomber les glands (i.e. les fruits du chêne) dont se nour-
rissent ses cochons.
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Les conséquences du masting peuvent être d’ordre évolutif, écologique, économique et so-
ciétal. Par exemple chez le chêne (Quercus spp.), le masting peut avoir des conséquences sur
l’évolution des traits d’histoire de vie des espèces animales qui exploitent cette ressource pul-
sée (Venner et al., 2011 ; Pélisson et al., 2012 ; Pélisson et al., 2013 ; Rey et al., 2015 ; Gamelon
et al., 2017). D’un point de vue écologique, le masting peut impacter directement la démogra-
phie des populations des consommateurs de fruits, tels que les insectes (Venner et al., 2011),
les oiseaux (McShea, 2000), les rongeurs (Bergeron et al., 2011) et les ongulés (Gamelon et al.,
2017), et par effet de cascade l’ensemble de la communauté forestière (Smith & Scarlett, 1987 ;
Ostfeld & Keesing, 2000 ; Espelta et al., 2008 ; Yang et al., 2010 ; Lobo, 2014 ; Bogdziewicz
et al., 2016). En impactant la densité des populations hôtes (Ostfeld et al., 1997 ; Ostfeld, 1998 ;
Ostfeld et al., 2006), le masting peut indirectement inﬂuencer la prévalence de certaines ma-
ladies transmissibles à l’Homme, comme la maladie de Lyme (Bogdziewicz & Szymkowiak,
2016). Enﬁn, à travers son impact sur le processus de régénération des peuplements forestiers
(Negi et al., 1996 ; Espelta et al., 2009), le masting peut avoir des répercussions sur l’ensemble
de l’approvisionnement de la ﬁlière bois.
Bien que le masting puisse avoir des conséquences importantes, en particulier si l’espèce
concernée est abondante, les causes proximales du masting (i.e. les mécanismes sous-jacents au
masting) sont encore très controversées, et ce probablement parce qu’elles dépendent du groupe
taxonomique et/ou des conditions écologiques et climatiques rencontrées (Crone & Rapp, 2014 ;
Pearse et al., 2016). Cette controverse sur les causes proximales du masting explique probable-
ment en partie pourquoi le masting a été très peu souvent implémenté dans les modèles de
dynamiques forestières, et qu’à ce jour, parmi les modèles disponibles, aucun ne permet de
faire des prédictions crédibles sur la fréquence et l’intensité des fructiﬁcations, et sur ses consé-
quences sur l’ensemble de l’écosystème forestier, dans le contexte du changement climatique
(Poncet et al., 2009).
Dans la revue de Vacchiano et al., 2018 ci-après, dont je suis co-auteure, et qui est à desti-
nation des modélisateurs forestiers, nous avons proposé un résumé des principaux mécanismes
probablement impliqués dans le masting et leurs patrons associés. Cette revue est le fruit d’une
collaboration avec 12 chercheurs internationaux, indépendants de mon équipe encadrante, que
j’ai rencontrés lors de deux sessions de discussion de trois jours à Turin (Italie) et à Cambridge
(Royaume-Uni), au cours de mon doctorat. J’ai pris part à la conception de l’étude et participé
à la collecte des informations en analysant 200 articles scientiﬁques. J’ai participé à la compila-
tion des tableaux d’analyse avec deux autres chercheurs. J’ai rédigé intégralement la partie sur
les processus du masting (partie 2.2), et participé à la révision de l’ensemble du manuscrit.
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A B S T R A C T
Masting is the highly variable and synchronous production of seeds by plants. Masting can have cascading eﬀects
on plant population dynamics and forest properties such as tree growth, carbon stocks, regeneration, nutrient
cycling, or future species composition. However, masting has often been missing from forest models. Those few
that simulate masting have done so using relatively simple empirical rules, and lack an implementation of
process-based mechanisms that control such events. Here we review more than 200 published papers on me-
chanistic formulations of masting, and summarize how the main processes involved in masting and their related
patterns can be incorporated in forest models at diﬀerent degrees of complexity.
Our review showed that, of all proximate causes of masting, resource acquisition, storage and allocation were
the processes studied most often. Hormonal and genetic regulation of bud formation, ﬂoral induction, and an-
thesis were less frequently addressed.
We outline the building blocks of a general process-based model of masting that can be used to improve the
oversimpliﬁed functions in diﬀerent types of forest models, and to implement them where missing. A complete
implementation of masting in forest models should include functions for resource allocation and depletion, and
for pollination, as regulated by both forest structure and weather in the years prior to seed production. When
models operate at spatio-temporal scales mismatched with the main masting processes, or if calibration data are
not available, simulation can be based on parameterizing masting patterns (variability, synchrony, or fre-
quency). Also, observed masting patterns have the potential to be used as “reality checks” for more process-
based forest models wishing to accurately reproduce masting as an emergent phenomenon.
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1. Introduction
Understanding forest ecosystems and predicting their dynamics
through models remains an abiding concern of forest researchers.
Modeling forest dynamics using only a limited set of fundamental
variables represents a challenging task, considering the myriad of
components, mechanisms and the degree of complexity involved.
Models, however, provide invaluable information to plan sustainable
forest management (Monserud, 2003; Taylor et al., 2009). In order to
improve the accuracy of forest models operating under changing en-
vironmental conditions, ecological processes which have big eﬀects on
forest dynamics must be accounted for.
A prominent but overlooked example of such processes is mast-
seeding or masting, i.e., the highly variable and synchronous produc-
tion of seeds by a population of plants. Masting occurs among grass,
shrub, and tree species in many diﬀerent biomes (e.g., Schauber et al.,
2002; Abrahamson and Layne, 2003; Poncet et al., 2009; Drobyshev
et al., 2010). The synchronized annual variability displayed by masting
has been explained by several hypotheses (Sork, 1993; Kelly, 1994;
Herrera et al., 1998; Kelly and Sork, 2002). Masting events are thought
to be “cued” by particular climatic conditions synchronized over large
areas (i.e., Moran eﬀect) in the years that precede ﬂowering (Schauber
et al., 2002; Piovesan and Adams, 2001, 2005; Kelly et al., 2013).
However, no general consensus has been reached yet on the complete
set of processes and mechanisms causing masting (Pearse et al., 2016).
Masting is intimately related to other processes of forest dynamics
(Fig. 1), such as tree growth (Thomas, 2011; Muller-Haubold et al.,
2013; Hacket-Pain et al., 2017), seed dispersal, and regeneration
(Vander Wall, 2001; Ascoli et al., 2015). The relative contribution of
seed production to annual net primary productivity (NPP) in masting
species has been estimated for some species at between 20% and 57%
(Mund et al., 2010; Muller-Haubold et al., 2013), and about 15% of
stem biomass growth (Mencuccini et al., 1995). The fact that tree
growth is reduced in years of heavy seed production (Piovesan and
Schirone, 2000) may help to explain the failure of most process-based
forest models to reproduce observed inter-annual variability in carbon
ﬂuxes or observed biomass growth (Drobyshev et al., 2010; Collalti
et al., 2016), as well as the disagreement between modeled growth-
climate relationships and observed tree rings (Babst et al., 2013).
Additionally, masting has far-reaching eﬀects on ecosystem
functions and services, such as carbon sequestration (Miyazaki, 2013),
and on community trophic cascades, including birds and mammals
(Ostfeld et al., 1996; McShea, 2000; Clotfelter et al., 2007; Jensen et al.,
2012; Zwolak et al., 2016; Selås, 2017) and vectors of human diseases
(Ostfeld, 1997; Tersago et al., 2009).
In forestry research, forest models are sets of equations that in-
tegrate several mechanisms describing and predicting important forest
processes, such as growth, mortality and regeneration (e.g., Monserud,
2003; Vacchiano et al., 2012). Since masting has such widespread in-
ﬂuences on forest ecosystem dynamics, implementing it into predictive
forest models may contribute to improve their accuracy, not only in
terms of modeling seed production but also extending to growth trade-
oﬀs, pollen and seed dispersal, establishment success, species migra-
tion, cascading trophic interactions, eﬀects of silvicultural treatments,
and ecosystem resilience to natural disturbances or climate change. In
some of these forest models, seed production has been implemented
either as a constant or limitless process, not integrated into allocation
(Price et al., 2001), or, more realistically, as a function of NPP or leaf
mass (e.g. Bossel, 1996) – however, this is unlikely to fully reproduce
the characteristics of masting. Those that did attempt to model masting
explicitly used a simplistic implementation, e.g., a regular frequency of
years with high seed output (Rammig et al. 2007), neglecting the re-
lationship between masting processes and environmental conditions.
Overall, masting has been included in forest models in very few cases
(Table 1), be it to look speciﬁcally at masting eﬀects, or within large-
scale forest ecosystem models in which patterns of seed production
have not been speciﬁcally developed to incorporate mast seeding.
Inconsistent study design, omitted reporting of eﬀect sizes, and lack
of validation of model prediction against observed data mean that no
conclusive evidence exists on whether an explicit inclusion of masting
in forest models is relevant to accurately predict ecosystem and eco-
logical dynamics. The eﬀect size of including/not including masting in
models could possibly vary depending on the desired output variable
and on the spatial and temporal span being modeled (e.g., an individual
stand vs. a regional forest landscape). Rigorously validated analyses of
the accuracy of forest model prediction with and without masting are
greatly needed. However, the inclusion of masting in forest models can
be crucial on one side for greater realism, and on the other to equip
models with a process-based understanding that would enable to pro-
duce projections out of the range of their calibration domain, e.g.,
Fig. 1. Simpliﬁed process diagram for a generic forest model. Grey boxes: input variables, white: processes, orange (and red arrows): masting-related processes (modiﬁed from Fischer
et al., 2016). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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under climate change.
In the following paragraphs, we ﬁrst provide a concise overview of
the most important patterns and processes related to masting. Then, we
propose ways to implement them in forest models across diﬀerent
spatial, temporal, and ecological scales. To do so, we carried out a re-
view of formulations used in the scientiﬁc literature to model masting
patterns and processes. Finally, we bring this evidence together in a
broader discussion on what to consider when implementing masting in
forest models.
2. Masting patterns and underlying processes
Masting can be modelled using two main approaches: (a) reprodu-
cing demographic and ecological patterns produced by masting (both
spatially and temporally), or (b) understanding and reproducing me-
chanistic processes (or “proximate causes” sensu Kelly, 1994), which is
usually a more complex task and not necessarily leading to less un-
certainty than the former.
2.1. Patterns
Patterns of masting have been characterized in diﬀerent ways in the
literature (e.g., Kelly and Sork, 2002; Koenig et al., 2003; Pearse et al.,
2016). Here we refer to variability, synchrony, and frequency as key
elements to describe masting patterns (Fig. 2), although other elements
have been proposed, such as temporal autocorrelation (e.g., Koenig
et al., 2003; Crone et al., 2011).
• Variability: deﬁned as the absolute or relative diﬀerence in the
number or mass of seeds produced by one unit (typically a tree or
stand) across time (e.g., Herrera et al., 1998; Greene and Johnson,
2004; Richardson et al., 2005; Crone et al., 2011). Seed production
that is either large or zero produces a bimodal frequency distribu-
tion of seed crop size (but see Allen et al., 2012). For more con-
tinuous distributions, variability can be quantiﬁed either by the
coeﬃcient of variation (CV) of the number of seeds produced across
time, or by the recently proposed “disparity index” (Fernández-
Martínez et al., 2017a). The latter is a modiﬁcation of CV that does
not depend on the mean, and takes into account actual year-to-year
variation in a temporally explicit way. A particular type of varia-
bility often found in masting species is a negative autocorrelation:
the current seed crop can be often explained, to a high degree, by a
negative correlation with the previous year’s crop (e.g., in alternate
bearing species, or as a consequence of resource depletion).
• Synchrony: deﬁned as the degree of similarity between the number
or mass of seeds produced by a population of trees or stands at the
same time, for one or multiple species (e.g., LaMontagne and Boutin,
2007; Fearer et al., 2008; Allen et al., 2012). The spatial extent of
synchrony may range from stand to region or even sub-continent
(Koenig and Knops, 2000); a marked distance-decay in synchrony
was reported at continental (Vacchiano et al., 2017), regional (e.g.,
Fearer et al., 2008), and local (e.g., Allen and Platt, 1990) scales.
Synchrony can be measured at the individual level (correlation be-
tween individual and population seed production) or at the popu-
lation level (correlation among trees or stands, or percentage of
trees or stands showing a similar seed output).
• Frequency: deﬁned as the number of high seed production years
during a time period (e.g., Sork et al., 1993; Greene and Johnson,
2004; Allen et al., 2012). When the causes for synchrony and
variability are explicitly modeled, frequency is an emergent beha-
vior, and regular cycles in fruiting need not to be mechanistically
explained. However, they can and should be linked to the temporal
patterns of the underlying drivers, e.g., solar activity or climate
oscillations (Ascoli et al., 2017b). In this review, we consider fre-
quency as a stand-alone pattern, because the question of interest
usually is “when will the next massive fruiting occur?”.Ta
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Furthermore, masting frequency is typically the only parameter that
has been implemented in forest models thus far (e.g., Rammig et al.,
2007).
2.2. Processes
The causes driving variability and synchrony in seed production
have been categorized as ultimate and proximate (Pearse et al., 2016).
Ultimate causes include processes associated with evolutionary time-
scales, such selective pressure; they are excluded from the present re-
view because they would be incompatible with the time-span covered
by most forest models used for ecological or forest management pre-
diction.
Proximate causes, on the other hand, operate between a decade and
a few days before seed production. They include dynamics of resource
accumulation and depletion, weather events favorable to phenological
phases involved in ﬂowering and fruiting, and all cellular and genetic
processes involved in their occurrence (Crone and Rapp, 2014; Pearse
et al., 2016). Masting patterns emerge when several proximate causes
interact across space and time, aﬀecting all processes that lead to seed
production: resource acquisition, bud initiation, anthesis, pollination
and fertilization, ﬂower abortion, and seed maturation (Allen et al.,
2017) (Fig. 3).
2.2.1. Resource acquisition, storage and allocation
Trees allocate resources to growth, survival, and reproduction (cf.
Fridley, 2017 for a review). It is well established that there is an in-
ternal cycling of resources (see Millard and Grelet, 2010 for a review on
carbohydrates and Nitrogen [N]; and Proe and Millard, 1995 for
Phosphorus [P]) and that macronutrients inﬂuence fecundity and seed
production (Reekie and Bazzaz, 1987; Ichie and Nakagawa, 2013;
Miyazaki, 2013; Han et al., 2014). Yet it is still unclear which of the
nutrients – non-structural carbohydrates (NSC), N, or P – and interac-
tions among nutrients (compensation eﬀects) – are most limiting for
reproduction (Körner, 2003; Han et al., 2008; Sala et al., 2012), whe-
ther nutrients used for reproduction come from recently acquired or
accumulated resources (Koenig and Knops, 2000; Kelly and Sork, 2002;
Sala et al., 2012), and in the last case what is the accumulation period
(Ichie et al., 2018). Until today, four non-mutually exclusive mechan-
isms have been proposed to explain how resource supply and uptake are
involved in seed production:
• "resource matching", in which a ﬁxed fraction of resources is allo-
cated each year to reproduction (Koenig and Knops, 2000);
• "storage", in which trees accumulate resources over several years in
order to eventually allocate them to high seed production, leading to
negative temporal autocorrelation in seed production series (Sork,
1993; Koenig et al., 1994);
• "switching", in which a variable fraction of resources is allocated
each year to reproduction leading to negative correlations between
reproduction and growth (Yasumura et al., 2006; Monks and Kelly,
2006; Sala et al., 2012);
• "veto", in which some external agent (e.g., late frost) may limit the
investment in fruiting, preventing resources to be allocated to re-
production (Koenig et al., 2015; Pesendorfer et al., 2016;
Bogdziewicz et al., 2017b).
2.2.2. Hormonal and genetic regulation of bud formation, ﬂoral induction,
and anthesis
Floral induction is driven by hormonal induction, which in-
corporates the inﬂuence of numerous external and internal cues
(Bernier and Périlleux, 2005; Turnbull, 2011; Bluemel et al., 2015).
Large seed quantities are directly correlated to gibberellin contents
(Böhlenius et al., 2006; Turnbull, 2011), whereas fruit abortion is
driven by ethylene (Bleecker and Kende, 2000). The biosynthesis of
growth hormones (Wahl et al., 2013) and the expression of ﬂowering
genes (Miyazaki et al., 2014) are stimulated under higher resource
supply, especially N (Sedgley and Griﬃn, 1989).
2.2.3. Pollination
A tree can produce a large quantity of seeds when three conditions
are met: (i) the tree produces a high initial ﬂower crop, (ii) pollination
success is high, and (iii) a high proportion of fertilized ﬂowers mature
into fruits. Most masting species are outcrossers (Pearse et al., 2016).
Therefore, masting is restricted by pollen production by other plants in
the population (Smith et al., 1990). Plants with many pollen-producing
neighbors produce larger seed crops than more isolated ones (Knapp
et al., 2001). Theoretical models showed that such density-dependent
pollen limitation (“pollen coupling”) can also induce synchrony in seed
production (Isagi et al., 1997; Lyles et al., 2015; Venner et al., 2016).
Fig. 2. Annual patterns of masting in a tree species. Masting is gen-
erally deﬁned by three main aspects: (1) a high temporal variability of
seed production at individual or population level, (2) a high spatial
synchrony of seed production through time among individuals of a
same population, and (3) a non-regular frequency of years of high
seed production (yellow bars). The number of seeds produced per year
is represented for one individual or population (ki) through time in
yellow. Frequency is illustrated at the bottom as the number of years
of high seed production such as (n+ 1) or (n+ 5) in a certain time
period (can be high or low depending on the time period chosen). (For
interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)
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However, empirical support of the role of pollen limitation on masting
remains scarce, and the importance of pollen limitation as a trigger of
seed production is still widely debated (Koenig and Ashley, 2003;
Koenig et al., 2012; Rapp et al., 2013; Pearse et al., 2015; see also
Pearse et al., 2016 for a review).
2.2.4. Seed maturation: fertilization and ﬂower abortion
In perennial plants, fertilized ﬂowers are often aborted (Stephenson,
1981; Sork and Bramble, 1993; Holland et al., 2004). From an evolu-
tionary point of view, ﬂower abortion is an inexpensive strategy to
either maximize the long-term quality of the remaining fertilized
ﬂowers (Becerra and Lloyd, 1992), or re-allocate resources to other
non-reproductive processes in response to unpredicted disturbances
(Goubitz et al., 2002; Montesinos et al., 2012), especially when re-
sources are depleted during fruit maturation (Tsuruta et al., 2011).
2.2.5. Weather: cues and vetoes
Many of the processes above are inﬂuenced (linearly or not:
Fernández-Martínez et al., 2017b) by weather, as conﬁrmed by the
large number of studies reporting on correlations between weather and
seed production in masting species (Allen et al., 2014; Canham et al.,
2014; Moreira et al., 2015; PérezRamos et al., 2015; Caignard et al.,
Fig. 3. Functional links between processes leading to masting and their proximate causes (+: positive correlation, –: negative) (modiﬁed from Pearse et al., 2016).
Table 2
Information collected for each masting formulation in the literature review.
Data collected Values
Pattern Variability, synchrony, frequency
Process Resource dynamics, anthesis and ﬂower induction, pollination, abortion and seed maturation,
hormonal induction and genetics, weather
Ecological level: the hierarchical level of ecological and data complexity
at which masting is addressed.
Descriptive: if only a pattern is reported without any explicit cause. Weather cues fall in this class.
Demographics: numerical oscillations of reproductive organs (ﬂowers, pollen, fruits, seeds)a.
Resource: processes that build up and consume macronutrients (NSC, N, P) or water
Biochemical: processes mediated by inter-cellular (non-structural carbohydrates, hormones) and intra-
cellular pathways (enzymes, mithocondrial activity)
Genetics: processes related to gene expression, and regulation
Mathematical complexity: the type of formulation used to model
masting pattern or process
Empirical observation: a non-statistical comment, observation or association, based on empirical
evidence presented in the paper
Constant: an invariant value
Distribution: a value extracted from a probability or frequency distribution
Uni- and multivariate: a mathematical relationship (correlation, regression…) Linking seed production
to one or more predictors.
Stand-alone Yes/no: Whether the model formulation was the main analytical tool of the paper, as opposed to a
series of chained formulations that may or may not end with seed production as output variable
Empirically-based Yes/no: Whether the algorithm was based on empirical data or on theoretical or conceptual models
Response and explanatory variables Categories of predictor and response variables being measured
Spatial unit: spatial grain at which the algorithm is run, and number of
sampling units observed or measured
Leaf, organ, tree, stand, population, super-population
Geographical focus: the spatial extent of the study Stand, region, country, multi-country, continental, species range, global
Temporal unit: temporal step at which the algorithm is run, and number
of observations or measurements in time
Hour, day, month, year, decade
Biome: bioclimatic area in which the algorithm is run Boreal, temperate, mediterranean, or tropical
Species group Conifers, deciduous broadleaves, evergreen broadleaves, o others
Seed dispersal strategy Anemochorous, zoochorous, hydrochorous, barochorous
Pollen dispersal vector Wind, insects, other animals, water
a Several studies have found a positive correlation between seed abundance and ﬂower, pollen and fruit abundance (Schauber et al., 2002; Pidek et al., 2010; Kasprzyk et al., 2014;
Ascoli et al., 2015). Notably, the quantity of pollen directly aﬀects pollination eﬃciency and thus the percentage of sound seeds (Nilsson and Wastljung, 1987; Norton and Kelly, 1988;
Koenig et al., 2015). Small discrepancies between ﬂower, pollen, and seed abundance may occur in presence of ﬂower abortion and pollination failure.
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2017; Vacchiano et al., 2017). Acquisition and storage of resources
depend on photosynthesis and on the amount of solar radiation, but are
also constrained by water limitation and drought stress, which were
shown to aﬀect seed crops with a lag of two or three years (Newbery
et al., 2006; Smaill et al., 2011; Barringer et al., 2013; Muller-Haubold
et al., 2013; Bachofen et al., 2017). Other studies highlighted a corre-
lation between large seed crops and higher than average summer
temperatures during both ﬂoral initiation and fruit maturation
(Piovesan and Adams, 2001; Richardson et al., 2005; Fearer et al.,
2008; Buechling et al., 2016), which can also be attributed to resource-
mediated mechanisms.
Meteorological conditions (solar radiation and temperature) can
also aﬀect ﬂowering-inducing hormones such as gibberellins and phy-
tocromes (reviewed by Ruan et al., 2012), and have a crucial impact on
pollination. In particular, pollen concentrations are negatively corre-
lated to rainfall and humidity but positively correlated to temperature
during the pollen season (Cecich and Sullivan, 1999; Sabit et al., 2016;
Bogdziewicz et al., 2017a). The pollen season itself is longer under drier
Fig. 4. Number of papers (a) and formulations (b) for each categorical variable addressed in the present review.
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and warmer weather (Fuhrmann et al., 2016). Also, spring microcli-
matic conditions aﬀect the local budburst synchrony (that is a proxy for
ﬂowering synchrony and pollen availability) and consequently the
pollination eﬃciency (Koenig et al., 2015).
Finally, extreme weather events can damage reproductive structures
by e.g. late frost during ﬂowering (Augspurger, 2009; ChangYang et al.,
2016) or intense summer rainfall during fruit maturation (Abrahamson
and Layne, 2003). However, the variability of weather has been shown
to be often smaller than the variability in masting, indicating that cli-
mate alone cannot explain all variability in masting (Koenig and Knops,
2005).
3. Literature review
The scope of this review is to summarize how masting patterns and
processes have been described in the scientiﬁc literature. This includes
quantitative analyses of masting variability, synchrony and frequency,
as well as empirical or process-based models of processes leading to
masting at all ecological levels and geographic scales. To do so, we
searched the Scopus database for titles and abstracts containing the
following search string: ((masting OR “mast seeding” OR “mast
fruiting” OR “mast ﬂowering”) AND (variability OR pattern OR syn-
chrony OR periodicity OR model*) AND (forest OR tree)). We com-
plemented the search results by a targeted search based on references
from a recent and comprehensive review on masting processes (Pearse
et al., 2016). The geographic scope of our search was global.
We excluded from the analysis papers that only reported masting
observations without quantitatively describing a pattern or modeling a
process. Out of a total of 360 papers found for the period 1957–2016,
we selected 206 for further analysis, containing a total of 323 individual
model formulations for a pattern, a process, or both (i.e., several papers
contained more than one pattern and/or process).
For each individual model formulation, we collected information
regarding the modeled species, the pattern and process being modeled,
and the modelling methods (Table 2).
The largest share of studies was carried out in temperate ecosystems
(n=105; 51%), followed by studies from Mediterranean (17%), tro-
pical (13%) and boreal biomes (5%). Only 11 papers referred to mul-
tiple biomes, reﬂecting the overall scarcity of generalized approaches
on masting (Fig. 4a). Most studies involved broadleaves (n= 140) and,
more in general, wind-pollinated species (n=130 with exclusive
anemophilous pollination), a strategy that is disproportionately
common among masting species (Herrera et al., 1998) especially for
cross-pollinating ones (Satake and Iwasa, 2000, 2002a,b).
The dominant geographical focus was the stand (47% of all papers),
followed by region (31%); at the two ends of the spectrum, both in-
dividual-tree and continental/global algorithms were varey rare (4%
and 2% respectively). The temporal unit was almost always the year
(90%), with only 16 studies having a monthly time resolution or ﬁner.
Most analyses were conducted at tree (51% of all papers), stand (26%),
or population level (20%) as spatial units. The predominant level of
ecological and data complexity at which masting was described or
modelled was demographics (52%), i.e., the numerical oscillations of
reproductive organs (ﬂowers, pollen, fruits, seeds) and their environ-
mental drivers. One in ﬁve studies (22%) had a merely descriptive
character, i.e., no causal or correlative analyses were carried out for the
masting patterns reported. Studies explicitly looking into resource dy-
namics or ﬁner-scale processes were 20% of the total.
Of all 323 masting formulations covered in our review, most (77%)
described variables related to seeds or fruits, which are usually easier to
measure and more directly related to masting than e.g., pollen or
ﬂowers (Fig. 4b). A small group of resource-based formulations instead
modeled the nutrient content of tree organs, including reproductive
ones, following masting. Response variables were more often described
by univariate (41%) or multivariate (31%) algorithms.
The complete review table and metadata is reported as
Supplementary material S1.
3.1. Patterns
Variability was the most frequently analyzed pattern (60%, 194 of
323 formulations,), vastly exceeding synchrony (17%) and frequency
(11%) (Fig. 4b). By deﬁnition, synchrony was the only pattern where
the geographical focus was always larger than a single tree.
Variability was usually quantiﬁed using the coeﬃcient of variation
of masting time-series series (e.g., Ichie and Nakagawa, 2013; Monks
and Kelly, 2006), or the standard deviation (e.g., Nussbaumer et al.,
2016) or variance (e.g. Koenig et al., 1994) of the time-series. Other
methods to quantify variability included the temporal autocorrelation
structure in the data (e.g. Koenig et al., 2003).
Some studies extended the analysis by linking variability in seed
production with variability in weather conditions, usually using a cor-
relation-based approach (e.g., Selås et al., 2002; Kelly et al., 2013).
Typically, strong correlations were found with weather measured in
seasons associated with masting-related processes; multiple regression
models could reproduce the observed variability of reproduction with a
high accuracy (Poncet et al., 2009; Vacchiano et al., 2017). A variation
on this theme is to relate variability to teleconnection indices rather
than climate indices (Schauber et al., 2002; Sakai et al., 2006; Ascoli
et al., 2017b). A second group of studies attempted to explain observed
variability in seed production using information on biological processes
(e.g., ﬂower and leaf phenology) (Koenig et al., 2012; Pesendorfer et al.,
2016).
Synchrony between populations was modeled by correlating it to
geographic distance (e.g. by Mantel tests: Suzuki et al., 2005) or by
using indices of spatial aggregation (Fredriksson and Wich, 2006).
Table 3
Formulations on masting processes and their proximate causes.
Number of
formulations
Range of publication
dates
Resources 67 1987–2016
Hormonal and genetic
regulation
3 2012–2013
Pollination 22 1998–2016
Seed maturation, ﬂower
abortion
2 2002–2012
Flower induction, anthesis 6 2010 – 2016
Total 100
Table 4
Mathematical complexity of process formulations by process category in the reviewed studies.
Mathematical complexity All Resources Hormonal and genetic regulation Pollination Seed maturation Flower induction, anthesis
Constant 4 3 – 1 – –
Distribution 2 – – 2 – –
Univariate 47 31 2 8 – 6
Multivariate 45 31 1 11 2 –
NA 2 2 – – – –
Total (formulations) 100 67 3 22 2 6
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Spatial synchrony between populations was also linked to the syn-
chrony of weather conditions during important phases of the re-
productive cycle (Moran eﬀect) (Koenig, 2002). Synchrony of trees
within the same population was modeled using the standard deviation
(SD) between individual seed production in any given year (e.g., Isagi
et al., 1997). At the individual level, pollen availability is a key control
on synchrony within populations (“pollen coupling”), even if such a
link has been modeled only by theoretical formulations so far (Satake
and Iwasa, 2000, 2002a,b; although see Bogdziewicz et al., 2017b).
Frequency was the least reported pattern of masting. Measures of
frequency included a typical (mean) return interval, or a typical fre-
quency, of mast years (Hilton and Packham, 2003; Nussbaumer et al.,
2016). This approach relies on the identiﬁcation of a binary threshold
for masting (i.e., the deﬁnition of a mast year vs. a non-mast year). Most
models included in Table 1 characterized masting patterns by fre-
quency. A more rigorous approach is to conduct a form of spectral
analysis such as Fourier analysis, but this was not frequently reported
(Abrahamson and Layne, 2003; Kasprzyk et al., 2014). A similar ap-
proach is to test for temporal autocorrelation at diﬀerent timescales
(Greene and Johnson, 2004). Spearman’s rank correlation between seed
production series over diﬀerent periods also seems to be a good esti-
mator to test for variations in frequency (Allen et al., 2012; Greene and
Johnson, 2004).
3.2. Processes
Excluding studies with simple weather or climate correlations, only
100 formulations out of 323 explicitly modeled a masting process. Most
of these were empirically based (76%) and stand-alone (83%), con-
ﬁrming a signiﬁcant lack of implementing masting within larger model
frameworks. Our review has conﬁrmed the stronger tradition of studies
related to resource acquisition, storage and allocation, which re-
presented the most abundant (67%) and longest-studied group
(Table 3). Pollination (22%) has come under the focus of research more
recently, whereas studies on ﬂoral induction-anthesis (6%), hormonal
and genetic regulation of bud formation (3%), and seed maturation
after ﬂower abortion (2%) have been emerging as a novel yet chal-
lenging approach.
Our review also highlighted the fact that eﬀorts to relate seed
production to multiple and interacting proximate causes were more
frequent for pollination (50%) and resource-related studies (45% of
formulations), as opposed to only 27% of those using hormonal, ge-
netic, or ﬂowering processes (Table 4).
Only 83 formulations addressed both a pattern and a process of
masting. The review of such simultaneous pattern and process for-
mulations highlighted the complex relations among them (Fig. 5). No
process could explain individually the variability, synchrony or fre-
quency of masting, but rather a combination of processes was always
involved in all patterns (Crone and Rapp, 2014; Pearse et al., 2016).
3.3. Examples of masting process formulations
Three-quarters of studies on masting processes (i.e., 73 papers) fo-
cused on broadleaf species. To illustrate how masting patterns and
processes can be modeled, we collected formulations for species be-
longing to the Fagales order (Table 5), which have been repeatedly
analyzed by some of the most recent and comprehensive studies on
masting. These formulations diﬀer from what exposed for forest models
that did / did not include masting (Table 1) in that they are stand-alone
analyses that have usually been subject to validation against empirical
measurements.
4. Challenges for modelling masting
4.1. Options to implement masting in forest models
Based on the review of 206 papers on the use of mast seeding in
forest models, we conﬁrmed that masting is an important albeit over-
looked process in modelling forest dynamics. The review highlighted
the progression in understanding of masting by ecologists, from the
description of temporal variability in seed production, to a more me-
chanistic understanding of what drives the highly ﬂuctuating and
synchronous seed production at the population level.
Diﬀerent options are available to “reproduce reproduction” in forest
models for masting species, from very simple (formulations for varia-
bility, synchrony, frequency) to semi-empirical (seed crop as a function
of weather) or completely detailed (explicitly accounting for resources,
hormones, and genetic regulation). Complete process-based approaches
should have the capability of producing emergent masting patterns
without the need to parameterize them externally. However, while it
Fig. 5. Links between patterns and processes of masting in 83 reviewed studies addressing both types of formulations (number of studies in brackets). The size of boxes and connectors is
proportional to the number of studies found.
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may seem desirable to improve model realism by including a higher
number of processes, this would also increase model complexity and
introduce more sources of uncertainty.
Regarding model complexity, it is clear that proximate causes of
masting involve diﬀerent ecological levels and occur at several scales
(from leaf to stand). This presents a challenge for models that operate
either at the wider side of the scale spectrum, because they may miss
the processes that result in emergent masting behavior, or at the nar-
rower, because process modeled with insuﬃcient accuracy or com-
plexity may fail to generate the desired pattern when the model is up-
scaled.
Regarding model uncertainty, while some masting processes have
been repeatedly described by quantitative algorithms (e.g., resource
uptake, allocation and storage), other processes are fairly unclear. For
example, if masting needs to be modeled in a process-based way,
ﬂowering and pollination should be addressed by algorithms and in-
cluded either implicitly or explicitly in forest models. So far, only little
evidence has been elaborated on the interaction between resource dy-
namics in the tree and biochemical processes, which renders the im-
plementation of this masting component diﬃcult in forest models.
Additionally, nutrient cycles are missing from many forest models
(especially P), or may have not been validated as thoroughly or ex-
tensively as other process (e.g., Vega-Nieva et al., 2013). The un-
certainty on such a crucial mechanism of masting both in the masting
literature and in its implementation in forest models calls for more
scientiﬁc eﬀort. On the other hand, hormonal and genetics components,
which operate as a signaling device, are usually not included explicitly
in forest dynamics models, especially when the modelling object is
larger than a single tree.
For these reasons, modeling masting by patterns (variability, syn-
chrony, or frequency) rather than processes might be the best option
currently available for those forest models that operate at spatio-tem-
poral scales incompatible with a process-based implementation of the
main masting processes (e.g., “big leaf” global dynamic vegetation
models), or when the variables involved are not readily produced by the
model or when data to parameterize a process-based formulation are
lacking.
When several formulations of masting patterns and processes are
available for some species or biome, the choice of which to include in a
forest model depends on the predictor and response variables involved,
and on the temporal and spatial resolution of the other model compo-
nents (e.g., tree vs. stand). The large amount of empirical studies and
data accumulated in the literature (e.g., Mencuccini et al., 1995;
Schauber et al., 2002; Ascoli et al., 2017a) should nevertheless re-
present a solid base to calibrate masting formulations for many species,
biomes, and ecological resolutions, but a minimum number of temporal
and spatial observations needs to be assured. Although we have re-
ported examples of masting algorithms for some species and biomes
(Table 5), modelers operating in diﬀerent or novel ecosystems should
be cautious when assuming that process-based masting models would
work in the same way there. Indeed, some of the mechanisms under-
lying proximate causes of masting may be highly context-dependent
(e.g., signiﬁcant weather predictors), although the scale at which they
vary is not entirely clear yet (Vacchiano et al., 2017). On the other
hand, even in the absence of calibration data, quantifying the varia-
bility, synchrony, and frequency of masting that emerge from process-
based models of seed production may serve as a tool for the veriﬁcation
of model behavior.
4.2. Linked patterns, linked processes
Even if pattern-only formulations are used, the strong relationships
between such patterns need to be acknowledged. For example: high
variability at the population scale is only observable when synchrony is
high (Koenig et al., 2003); synchrony is only meaningful if measured
over a long period of time (one year’s high synchrony is not enough toTa
bl
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deﬁne masting); ﬁnally, the frequency of mast events is an indirect
component of their variability, since rare high seed production events
also imply a relatively high variability. Any quantitative description of
mast seeding therefore needs to combine the temporal and the spatial
dimensions of all masting patterns (Fig. 2).
Likewise, a process-based formulation must take into consideration
that masting is determined by a chain of events (Fig. 3). More tests with
existing or new forest models are needed to understand whether all
such processes must be included to obtain an accurate simulation of
mast seeding, and to assess the trade-oﬀs between realism gained and
uncertainties introduced when chaining several sub-models together.
An example of successful model chain is represented by Resource
Budget Models (RBM) (Isagi et al., 1997), which include a strong link
among most of the proximate causes of masting. In particular, resource
allocation and depletion and pollination processes (pollen coupling
combined to density-dependent pollen limitation) are linked in RBM,
because pollen availability depends on the amount of resources allo-
cated to ﬂowering (both male and female ﬂowers). In particular, the
RBM postulates that that: (i) a plant cannot gain the amount of re-
sources required to produce a high seed production in one year only,
but needs to accumulate resources over multiple years until its re-
sources exceed some threshold that allows them to reproduce; (ii) the
ratio between the amount of resources used for fruiting and those used
for ﬂowering regulates masting patterns, i.e., a higher ratio results in a
higher inter-annual variability and lower frequency; (iii) a large seed
crop causes resource depletion for the individual plant, which will fail
to reproduce in subsequent years as long as its reserves are below the
threshold (Fig. 6). Theoretical RBM produce an emergent
representation of variability and synchrony of masting (Rees et al.,
2002; Satake and Iwasa, 2002a,b; Venner et al., 2016); noise in syn-
chrony between individuals and populations is taken into account by
varying the level of resources gained by each tree and each year
through photosynthesis.
Yet, RBMs have been tested empirically for very few species (see
Crone and Rapp, 2014 for a review). For example, it is unclear if the
resource whose accumulation and depletion are simulated in RBM is
carbon (NSC) or rather some less abundant nutrient such as N or P. In
addition, Pearse et al. (2016) questioned the existence of a resource
“threshold” for reproduction. Should such a threshold exist, most spe-
cies would have no reproduction in most years–a hypothesis that lacks
empirical conﬁrmation (Monks and Kelly, 2006; Kelly et al., 2013) as
seedfall is often continuously distributed (Kelly, 1994; Koenig and
Knops, 2000; Allen et al., 2012).
A proposal for a novel process-based implementation of masting
within forest models could therefore revolve around validating and
improving RBMs, possibly integrated with the knowledge collected
about pollen regulation from a biochemical context, dynamics of lim-
iting resources, and weather inﬂuences on both resources and pollina-
tion processes as a trigger or signal (Fig. 7). Such implementation
would also provide grounds to test hypotheses on the ecological re-
levance of masting (e.g., after natural disturbance: Ascoli et al., 2015)
and about the eﬀect of climate change on masting and its patterns, a
topic which is still largely controversial due to the interactions between
diﬀerent processes and variables involved (McKone et al. 1998;
Piovesan and Adams, 2001; Jump et al., 2006; Övergaard et al., 2007;
Drobyshev et al., 2010).
Fig. 6. Conceptual structure of a Resource Budget Model for masting (adapted from Isagi et al., 1997).
Fig. 7. Recommendations to include masting in forest models as a function of model resolution and complexity.
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Future research on this topic will need to focus on understanding
the most important controls of the masting process cascade, moving
away from a “big bucket” approach and focusing on proximate causes
still lacking a formal quantitative treatment (e.g., hormonal induction,
resource allocation), while trying to link with inputs and outputs cur-
rently used by forest models. Also, variation in masting patterns and
processes between species/biomes will need to be better understood,
with a special focus on less known ecosystems (e.g., tropical). A suitable
design to advance these ideas and calibrate predictive models would
involve the experimental manipulation of resource dynamics at various
life stages of the tree. In particular, this would address the reproductive
cycle, with complementary measurements of inter-annual variation in
climate and resources, as well as reproductive buds, ﬂowers and seeds
(Allen et al., 2017). In addition, the design would account for contrasts
between functionally diﬀerent species in the same environment, and for
the same species in markedly diﬀerent environments.
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Objectifs de la thèse :
Mon travail de thèse s’inscrit dans la problématique d’une meilleure compréhension des
causes proximales du masting. Dans le contexte actuel du réchauffement climatique, mieux
comprendre les mécanismes sous-jacents du masting devient urgent pour être en mesure d’anti-
ciper ses conséquences écologiques, évolutives, économiques et sociétales.
Dans le cadre de ma thèse, je me suis intéressée aux modèles mécanistes individu-centrés
(i.e. modèle basé sur des processus) de type Resource Budget Models (RBM). Ces modèles
permettent de simuler des dynamiques de fructiﬁcations individuelles à l’échelle d’une popu-
lation d’arbres, et ont largement contribué à mieux comprendre le masting depuis une ving-
taine d’années (Isagi et al., 1997 ; Satake & Iwasa, 2000 ; Satake & Iwasa, 2002a). En effet,
ces modèles mécanistes individu-centrés sont les seuls, jusqu’à présent, qui sont parvenus à
expliquer l’autocorrélation temporelle négative (i.e. la faible fructiﬁcation qui suit systémati-
quement une fructiﬁcation massive à l’échelle de l’individu-arbre) qui est décrite pour toutes
les espèces chez qui le masting a été observé (Herrera et al., 1998 ; Koenig & Knops, 2000).
Comme une telle autocorrélation temporelle négative n’est jamais détectée dans les variations
inter-annuelles des conditions météorologiques (Monks & Kelly, 2006), ces modèles proposent
que cette dernière s’expliquerait par les stratégies d’allocation des ressources dans la reproduc-
tion des individus-arbres combinée à l’épuisement des réserves (i.e. hypothèse de l’épuisement
des réserves). Selon cette hypothèse, une fructiﬁcation massive induirait un épuisement des
réserves de l’individu-arbre l’empêchant de produire à nouveau une grande quantité de ﬂeurs
et donc de fruits l’année suivante (Crone & Rapp, 2014 ; Pearse et al., 2014). En interaction
avec ce processus d’allocation des ressources, le processus de pollinisation conduit à synchro-
niser les dynamiques inter-annuelles de fructiﬁcation des individus-arbres de la population, à
condition que les individus ne s’autofécondent pas. Le fonctionnement de ce processus est le
suivant : tout arbre désynchronisé pour la reproduction qui produit une grande quantité de ﬂeurs
femelles alors que le pollen exogène (i.e. pollen produit par les autres arbres de la population)
est rare (car les autres arbres de la population ont subi un épuisement de leurs réserves), aura
un faible succès de pollinisation et donc de fructiﬁcation, et pourra donc allouer les ressources
non utilisées l’année suivante potentiellement de manière synchronisée avec les autres arbres
de la population. Dans ces modèles, les ﬂuctuations inter-annuelles de la quantité aérienne de
pollen à l’échelle d’une population résultent donc des ﬂuctuations inter-annuelles de la produc-
tion de pollen synchronisée entre les individus-arbres de la population. D’après ces modèles,
les ﬂuctuations inter-annuelles de fructiﬁcations s’expliqueraient donc par l’alternance d’an-
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nées caractérisées par une forte quantité de pollen en suspension dans l’air, et d’années où le
pollen disponible pour la reproduction est limitant à l’échelle de la population (i.e. hypothèse
de la limitation en pollen).
Bien que ce processus de pollinisation croisée combinée à la limitation en pollen densité-
dépendante ait été proposé il y a une vingtaine d’année (Isagi et al., 1997), son importance
dans le masting est encore largement controversée parce que (i) du pollen est détecté chaque
année en quantité non négligeable chez les espèces chez qui le masting a été observé (Clot,
2003 ; Spieksma et al., 2003 ; Geburek et al., 2012) ; (ii) la pollinisation peut être efﬁcace même
lorsque la disponibilité en pollen pour la reproduction est faible (Friedman & Barrett, 2009 ;
Kelly et al., 2001) ; (iii) les expérimentations de supplémentation en pollen présentent des ré-
sultats contradictoires (Pearse et al., 2015 ; Crone & Lesica, 2006 ; Tamura & Hiura, 1998), et
enﬁn (iv) ces modèles génèrent des dynamiques inter-annuelles de fructiﬁcations à l’échelle de
la population encore trop cycliques et donc trop éloignées de celles observées.
L’objectif général de ma thèse a consisté à tester l’importance du processus de pollinisation
dans le masting des chênes de régions tempérées (Quercus petraea et Q. robur). Le chêne
(Quercus spp.) est, en effet, un modèle biologique majeur dans les études qui portent sur le
masting, probablement parce que le chêne est un genre très diversiﬁé parmi les angiospermes
ligneux (entre 300 et 600 espèces), très abondant dans l’hémisphère nord et réparti depuis les
zones tropicales jusqu’aux zones de hautes latitudes. En outre, les chênes sont des espcèes
allogames (i.e. auto-incompatibles génétiquement) et anémophiles (i.e. le transport du pollen se
fait par le vent), deux caractéristiques retrouvées chez la plupart des espèces chez qui le masting
a été observé (Kelly, 1994).
Ainsi, mon travail de thèse s’est attaché à tester les trois hypothèses suivantes :
• Hypothèse 1 : La limitation en pollen jouerait un rôle clé dans le masting des chênes
de régions tempérées. En considérant que la quantité de pollen disponible pour la re-
production à l’échelle d’une population est déterminante pour le succès de pollinisation
des individus-arbres de la population, alors l’hypothèse de la limitation en pollen, sur la-
quelle les RBM sont fondés, propose que l’alternance de limitation et de non-limitation
en pollen à l’échelle d’une population devrait expliquer en partie les fortes ﬂuctuations
inter-annuelles de l’intensité des fructiﬁcations synchronisées entre les individus-arbres
de la population. Une telle limitation en pollen certaines années pourrait être due soit
à une faible production de pollen par chacun des arbres d’une population de manière
synchronisée, soit à des conditions météorologiques défavorables à l’émission du pollen
et à son transport aérien, telles que les fortes précipitations, soit aux deux.
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• Hypothèse 2 : La phénologie pollinique (i.e. période d’émission pollinique) déter-
minerait la composante stochastique du masting (i.e. imprévisibilité des glandées
massives) chez les chênes de régions tempérées. La dynamique inter-annuelle de fruc-
tiﬁcation des chênes de régions tempérées est asymétrique. Une faible fructiﬁcation sur-
vient systématiquement après une fructiﬁcation massive (i.e. composante déterministe
expliquée par l’épuisement des réserves des arbres), alors qu’une fructiﬁcation massive
ne survient pas forcément après une faible fructiﬁcation (i.e. composante stochastique).
Une fructiﬁcation massive résulterait d’une combinaison de conditions météorologiques,
encore mal identiﬁées, pouvant impacter chacune des étapes clés du cycle de reproduc-
tion des chênes de régions tempérées, de l’acquisition des ressources à la maturation
des fruits, en passant par l’allocation des ressources dans la ﬂoraison et le succès de la
pollinisation. La phénologie pollinique, en déterminant les conditions météorologiques
qui inﬂuencent la maturation, l’émission et/ou la diffusion du pollen, mais aussi l’occur-
rence des gels tardifs qui peuvent endommager les structures reproductrices, impacterait
fortement le succès de pollinisation et de fructiﬁcation. La phénologie pollinique pour-
rait jouer ainsi un rôle central dans la composante stochastique du masting des chênes
de régions tempérées.
• Hypothèse 3 : Compte tenu du réchauffement climatique en cours, le masting des
chênes de régions tempérées devrait devenir plus déterministe. Un fort succès de
fructiﬁcation devrait survenir de manière plus régulière si les conditions météorolo-
giques printanières sont plus fréquemment favorables à la pollinisation, et si l’occur-
rence des gels tardifs pouvant agir comme un veto environnemental diminuent, ce qui
est probablement attendu en régions tempérées dans le contexte actuel de réchauffement
climatique.
Ces trois hypothèses font l’objet de chacun des trois chapitres de ma thèse, dont le premier
chapitre est sur article publié, le deuxième sur article en cours de soumission, et le troisième
chapitre de ma thèse est dans un format libre.
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Matériels et méthodes
1. Les chênes de régions tempérées (Quercus petraea et Q. ro-
bur)
Dans le cadre de cette thèse, je me suis focalisée sur les espèces de chênes sessiles (Quercus
petraea) et pédonculés (Q. robur) qui sont réparties sur l’ensemble de la régions tempérées
du territoire de France métropolitaine (Figure 2). Les chênes sessiles et pédonculés sont des
espèces monoïques (i.e. espèce chez qui les ﬂeurs unisexuées mâles et femelles sont portées par
le même pied), et allogames (i.e. chaque arbre a besoin du pollen produit par les autres arbres
de la population pour polliniser ses ﬂeurs femelles car les espèces de chêne sont génétiquement
auto-incompatibles). Le cycle de reproduction est relativement similaire entre ces deux espèces
de chêne (Figure 3). Il débute avec l’initiation ﬂorale en été de l’année calendaire t−1. L’étape
clé suivante est la pollinisation qui se déroule généralement au début du printemps de l’année
calendaire t, dès que les inﬂorescences mâles, appelées chatons, et les inﬂorescences femelles
sont arrivées à maturité. Comme de nombreuses espèces de la famille des Fagacées, dont le
chêne fait partie, la fécondation est dite « tardive » puisqu’elle a lieu en été avec un délai de
plusieurs mois après la pollinisation. En revanche, dès qu’il y a fécondation, la maturation du
fruit se déroule très rapidement durant l’été. Enﬁn, le cycle de reproduction se termine avec
la chute des glands en automne. La phénologie de chaque étape du cycle de reproduction peut
varier sensiblement entre les différentes espèces de chênes mais aussi entre individus d’une
même espèce. En outre, la phénologie ﬂorale, pollinique et de fructiﬁcation peuvent varier d’une
année à l’autre et d’une zone géographique à l’autre en fonction des variations temporelles et
spatiales des conditions météorologiques et environnementales.
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Figure 2 – Répartition des quatre espèces de chênes qui prédominent en France métropolitaine ;
(a) le chêne pédonculé (Q. robur) ; (b) le chêne sessile (Q. petraea) ; le chêne pubescent (Q.
pubescens) et le chêne vert (Q. ilex). Ces cartes de France sont issues du mémento 2018 de
l’IGN (Institut national de l’information géographique et forestière).
Figure 3 – Étapes clés du cycle de reproduction des chênes de régions tempérées (Quercus
petraea et Q. robur). Cette ﬁgure est issue de Schermer et al., 2016.
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2. Description des bases de données
2.1 Base de données polliniques
Les données polliniques utilisées dans cette thèse proviennent de la base de données du
RNSA (Réseau National de Surveillance Aérobiologique) qui est une association loi de 1901
dont l’un des objectifs est de fournir des prévisions de risque allergique pour le grand public.
Cette base de données est disponible en libre accès sur leur site internet (accès direct en cli-
quant sur le lien suivant https://www.pollens.fr/reports/database), et répertorie les estimations
des concentrations quotidiennes de pollen (i.e. nombre de grains de pollen par mètres cubes
d’air par 24 heures), pour de nombreux genres dont le chêne (Quercus spp.), depuis les années
2000 dans les grandes villes de France métropolitaine. Pour chaque ville, le suivi du contenu de
l’air en particules biologiques allergisantes s’effectue à l’aide d’un capteur de type Hirst (Hirst,
1952) placé généralement sur le toît des plus grands immeubles de la ville concernée, et l’iden-
tiﬁcation des grains de pollen se fait jusqu’au genre, toutes espèces confondues, à l’aide d’un
microscope électronique à balayage (Figure 4).
2.2 Base de données de fructiﬁcations
Les données de fructiﬁcation du chêne utilisées dans cette thèse proviennent de 30 chênaies
suivies de 1994 à 2007 par le Réseau National de suivi à long terme des ECOsystèmes FORes-
tiers (RENECOFOR, Ulrich, 1995) de l’Ofﬁce National des Forêts (ONF). Les 30 chênaies sont
situées en plaine (altitude maximale = 370 m) et sont réparties sur l’ensemble de la régions tem-
pérées de France, 19 d’entre elles sont dominées par Q. petraea, 9 par Q. robur et 2 sont mixtes
(Figure 5). La production de glands a été estimée chaque année à l’échelle de la population à
partir du suivi temporel de la fructiﬁcation de 10 arbres matures et non voisins répartis sur une
surface d’un demi-hectare entièrement grillagée. Le dispositif d’échantillonnage est constitué
d’un ﬁlet de collecte de 0.5 m² suspendu sous la canopée permettant de récupérer les glands
qui tombent et sont redirigés vers un collecteur (Figure 5). Ce dispositif a été mis en place aux
mêmes endroits chaque année de août à décembre, et a l’avantage de préserver la collecte de
toute consommation par les ongulés et les rongeurs. Les collecteurs sont relevés une fois par an
et le comptage des glands matures a été fait de manière exhaustive chaque année en laboratoire.
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Figure 4 – Résumé du fonctionnement d’un capteur de type Hirst et de la méthode utilisée pour
estimer les concentrations quotidiennes de pollen du chêne (Quercus spp.). L’air qui est chargé
en particules biologiques (pollen, moisissure, spores) entre par la buse d’aspiration avec un débit
régulier (environ 10 litres d’air par minute équivalent à une respiration humaine moyenne). Les
particules ainsi aspirées sont projetées et piégées sur une bande adhésive transparente qui est
ﬁxée sur le tambour et qui déﬁle devant la buse d’aspiration grâce à un mécanisme d’horlogerie
pendant une semaine. Ce mode d’enregistrement permet a posteriori une lecture rapide des
lames au microscope électronique à balayage par tranches horaires avec une précision à 2 heures
près. Sur chaque lame, deux rectangles parallèles sont tracés de 0 à 24 heures et analysés de
manière exhaustive. Chaque grain de pollen et/ou spore possède des coordonnées, et il n’existe
pas de saturation de la bande possible. La surface analysée représente 10 % de la surface de la
lame totale, et l’identiﬁcation se fait jusqu’au genre. Les concentrations obtenues pour chaque
genre identiﬁé sont donc des concentrations quotidiennes estimées en nombre de grains de
pollen par mètres cubes d’air, selon la formule suivante :C= n× StSa×V avecC, la concentration ;
n, le nombre de grains de pollen effectivement comptés ; St, la surface totale de la lame ; Sa, la
surface analysée et V , le volume d’air capté durant une journée.
2.3 Données météorologiques estimées
Les données météorologiques utilisées dans cette thèse sont des données estimées par SA-
FRAN (Système d’Analyse Fournissant des Renseignements Adaptés à la Nivologie) du Centre
National de Recherches Météorologiques (CNRM). Ce modèle estime, entre autres, les tem-
pératures minimales, maximales et moyennes et les précipitations cumulées quotidiennes avec
une précision de 8×8 km (Durand et al., 1993).
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Figure 5 – Distribution spatiale des sites suivis de 1994 à 2007 par l’Ofﬁce National des Fo-
rêts (ONF) et illustration du dispositif d’échantillonnage utilisé pour collecter la production de
glands d’un arbre. Parmi les 30 chênaies suivies, 19 sont dominées par Q. petraea (rond orange),
9 par Q. robur (carré bleu) et 2 sont mixtes (triangle vert). Le dispositif d’échantillonnage est
constitué d’un ﬁlet de 0.5 m² et d’un collecteur qui restent en place sous la canopée de août à
décembre.
3. Le modèle mécaniste individu-centré de type « Resource
Budget Model »
Pour étudier les causes proximales du masting du chêne en régions tempérées, j’ai déve-
loppé, à l’aide d’un algorithme programmé dans le langage C++, une nouvelle version d’un
modèle mécaniste individu-centré de type « Resource Budget Model » (RBM) basé sur celui
décrit dans Venner et al., 2016 (cf. Annexe 1). Ce modèle est basé sur deux processus clés qui
interagissent entre eux : (i) le processus d’allocation des ressources dans la reproduction
(ﬂoraisons mâles et femelles) qui conduit à générer des fortes ﬂuctuations inter-annuelles de la
production de fruits à l’échelle de l’individu-arbre, en considérant qu’une fructiﬁcation massive
provoque un épuisement des réserves de l’individu-arbre l’empêchant ainsi d’allouer à nouveau
beaucoup de ses ressources dans la reproduction l’année qui suit cette fructiﬁcation massive ;
(ii) le processus de pollinisation combinée à la limitation en pollen densité- dépendante qui
conduit à synchroniser les dynamiques de fructiﬁcations individuelles à l’échelle de la popula-
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tion, en considérant que les individus-arbres ne s’autofécondent pas et qu’ils dépendent donc du
pollen exogène pour la reproduction de leurs ﬂeurs femelles. Ainsi, tout arbre désynchronisé,
qui produit beaucoup de ﬂeurs mâles et femelles alors que le pollen exogène est rare (car les
autres arbres de la population n’ont pas pu produire beaucoup de pollen du fait de l’épuisement
de leurs réserves) aura un faible succès de pollinisation cette année-là. Les ressources ainsi
sauvegardées suite à l’échec de fructiﬁcation pourront à nouveau être allouées à la ﬂoraison
l’année suivante et être potentiellement synchronisés avec les autres arbres de la population.
Dans ces modèles, les ﬂuctuations inter-annuelles de fructiﬁcations à l’échelle de la population
résultent donc des ﬂuctuations inter-annuelles de la quantité de pollen disponible à l’échelle
de la population. La contribution majeure de mon travail de thèse a été d’intégrer la sensibilité
du processus de pollinisation croisée aux conditions météorologiques sur la base des résultats
empiriques obtenus dans le chapitre 1 de cette thèse (Figure 6). Ainsi dans le modèle que je pro-
pose, la quantité de pollen disponible pour la reproduction à l’échelle de la population résulte
de la quantité de pollen produite par l’ensemble des arbres synchronisés pour la reproduction à
l’échelle de la population, mais aussi des conditions météorologiques au moment de l’émission
et de la diffusion aérienne du pollen.
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Figure 6 – Illustration de l’apport principal de mon travail de thèse au « Resource Budget Mo-
del » (RBM) de Venner et al., 2016. Sur la base des résultats empiriques obtenus et détaillés
dans le chapitre 1 de ma thèse, j’ai intégré la sensibilité du processus de pollinisation croisée
aux conditions météorologiques. Dans le modèle, la relation entre le succès de fructiﬁcation
et la quantité de pollen disponible pour la reproduction est une relation logistique qui permet
de tenir compte d’un effet de dilution (respectivement, saturation) pour des faibles (respective-
ment, fortes) quantités de pollen disponible pour la reproduction. Compte tenu de cette relation
sigmoïdale, une diminution de la quantité de pollen disponible pour la reproduction, due à une
diminution des températures printanières, a pour conséquence une diminution du succès de
fructiﬁcation. Ainsi, tenir compte de la sensibilité de la diffusion aérienne aux températures
printanières dans le modèle peut renforcer, certaines années, la limitation en pollen induite par
les stratégies d’allocation des ressources dans la ﬂoraison, et donc impacter très fortement la
dynamique de fructiﬁcation.
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Chapitre 1 : La limitation en pollen joue un
rôle clé dans le masting des chênes de ré-
gions tempérées.
1. Résumé
Dans le chapitre 1 de ma thèse, j’ai testé l’hypothèse dite de la limitation en pollen se-
lon laquelle les fortes ﬂuctuations inter-annuelles de fructiﬁcation synchronisées à l’échelle
d’une population s’expliqueraient par l’alternance d’années caractérisées par une quantité limi-
tante versus non limitante de pollen en suspension dans l’air disponible pour la reproduction
à l’échelle d’une population. Une telle limitation en pollen certaines années à l’échelle d’une
population pourrait être due soit à une faible production de pollen par l’ensemble des arbres
de la population, soit à des conditions météorologiques défavorables à l’émission et à la dif-
fusion aérienne du pollen, ou aux deux. J’ai testé cette hypothèse, sur laquelle sont fondés les
Resource Budget Models (RBMs), chez les chênes de régions tempérées (Quercus petraea et
Q. robur) en combinant une approche empirique et théorique. Avec l’approche empirique, j’ai
testé, sans a priori biologique sur les conditions météorologiques et les périodes temporelles,
la sensibilité de la quantité aérienne de pollen et de l’intensité de la fructiﬁcation aux condi-
tions météorologiques. Pour cela j’ai croisé des données météorologiques avec des données de
fructiﬁcations et de quantités aériennes de pollen, en utilisant une approche multi-sites sur une
large échelle spatio-temporelle. Une telle approche permet de détecter des conditions météoro-
logiques contrastées et un maximum d’évènements rares que sont les glandées massives, deux
conditions désormais nécessaires pour réussir à mieux comprendre les causes proximales du
masting. Par cette approche empirique, j’ai montré que des températures élevées au printemps,
c’est-à-dire au moment de l’émission et de la diffusion du pollen, étaient corrélées à une forte
quantité aérienne de pollen et à une forte production de fruits. Pour tester l’importance de la
limitation en pollen dans le masting, j’ai utilisé le modèle mécaniste de type RBM de Venner et
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al., 2016 dans lequel j’ai apporté des modiﬁcations sur la base des résultats empiriques obtenus
dans cette thèse. Ainsi dans la nouvelle version que je propose, la quantité de pollen disponible
pour la reproduction à l’échelle d’une population résulte désormais de la quantité de pollen pro-
duite par l’ensemble des arbres synchronisés pour la reproduction à l’échelle de la population,
comme initialement, mais aussi des conditions météorologiques au moment de l’émission et de
la diffusion du pollen. En comparant les dynamiques de fructiﬁcations simulées par le modèle
avec celles observées, j’ai validé le rôle clé de la limitation en pollen due à la fois aux straté-
gies d’allocation des ressources des arbres dans la production de pollen et aussi aux conditions
météorologiques printanières au moment de l’émission et de la diffusion du pollen.
2. Schermer et al. 2019
• L’article de Schermer et al., 2019, ci-après, fait l’objet de ce chapitre 1, et peut être
téléchargé directement en cliquant sur le lien suivant : https://doi.org/10.1111/ele.13171
• Les « Supporting Information » de Schermer et al., 2019 sont répertoriées dans l’annexe
2 de cette thèse, et sont téléchargeables directement à partir du lien suivant :
https://onlinelibrary.wiley.com /action/downloadSupplement?doi=10.1111%2Fele.13171
&ﬁle=ele13171-sup-0001-Supinfo.pdf
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Abstract
In many perennial wind-pollinated plants, the dynamics of seed production is commonly known
to be highly ﬂuctuating from year to year and synchronised among individuals within populations.
The proximate causes of such seeding dynamics, called masting, are still poorly understood in oak
species that are widespread in the northern hemisphere, and whose fruiting dynamics dramatically
impacts forest regeneration and biodiversity. Combining long-term surveys of oak airborne pollen
amount and acorn production over large-scale ﬁeld networks in temperate areas, and a mechanis-
tic modelling approach, we found that the pollen dynamics is the key driver of oak masting.
Mechanisms at play involved both internal resource allocation to pollen production synchronised
among trees and spring weather conditions affecting the amount of airborne pollen available for
reproduction. The sensitivity of airborne pollen to weather conditions might make oak masting
and its ecological consequences highly sensitive to climate change.
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INTRODUCTION
Reproduction in many perennial and wind-pollinated plant
species is still poorly understood, in particular the phe-
nomenon known as masting, characterised by synchronised
and highly variable levels of seed production over the years
within a population (Janzen 1976; Kelly & Sork 2002;
Crone & Rapp 2014; Pearse et al. 2016). Masting may
evolve whenever ﬂowering and fruiting effort, being synchro-
nised among trees within populations, maximises individual
fruit set and/or offspring survival (Norton & Kelly 1988;
Kelly 1994). One well-accepted selective advantage of mast-
ing is to lower the risk of seed consuming: seed consumer
populations are maintained at low densities in the years
with no or low fruiting, resulting in only marginal consump-
tion when rare and unpredictable massive fruiting occurs
(Janzen 1971; Silvertown 1980; Kelly et al. 2000, 2008;
Pearse et al. 2016). For allogamous species, another non-
exclusive evolutionary cause of masting, the pollination efﬁ-
ciency hypothesis states that occasional high reproductive
effort synchronised at the population scale being concomi-
tant with large and synchronous pollen production, would
increase the pollination success of individual plants (Kelly
et al. 2001). Whatever its evolutionary cause, masting leads
to increased plant recruitment and thereby drives plant
demography and the diversity of plant species in forest
ecosystems. By impacting the seed consumer dynamics and
evolution (Yang et al. 2010; Venner et al. 2011; Gamelon
et al. 2013; Pelisson et al. 2013; Rey et al. 2015; Zwolak
et al. 2016) and through cascade effects, masting may even
affect the whole forest community and all its forest ecosys-
tem services (Crawley 2000; Ostfeld & Keesing 2000; Frey
et al. 2007; _Zywiec et al. 2013; Moreira et al. 2016; Nuss-
baumer et al. 2016). However, despite masting’s substantial
evolutionary, ecological and societal effects, the proximate
causes of masting are still poorly understood.
A ﬁrst set of hypotheses aimed at explaining masting
assumes that plants within populations seed synchronously
because they all respond to similar weather cues in the same
way, resulting in high interannual variability in ﬂowering and
seeding, as well as tight synchrony among individuals (Kelly
et al. 2000, 2013). Furthermore, the weather effect on resource
acquisition and allocation to reproduction, on pollination or
on fecundation success can be viewed as environmental con-
straints, acting as ‘veto’ on seeding in extreme cases (Kon
et al. 2005; Bogdziewicz et al. 2017a, 2018). For some masting
species, statistically signiﬁcant relationships have been
observed between weather conditions and ﬂowering or fruiting
dynamics (Inouye et al. 2002; Kelly & Sork 2002; Schauber
et al. 2002; Kelly et al. 2013). However, for oak species, the
weather drivers of masting are more difﬁcult to establish
(Sork et al. 1993; Herrera et al. 1998; Kelly & Sork 2002;
Koenig et al. 2003; Barringer et al. 2013; Kasprzyk et al.
2014; Bogdziewicz et al. 2017b).
Complementary to exploring the relationships between fruit-
ing dynamics and weather cues, the development of mechanistic
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models (e.g. resource budget models, RBMs) has largely con-
tributed to understand masting over the past two decades
(Crone & Rapp 2014). A ﬁrst set of RBMs raised the novel
hypothesis that masting may emerge without any weather ﬂuc-
tuation (Isagi et al. 1997; Satake & Iwasa 2002a). These models
proposed that masting would result from two interplaying pro-
cesses: (i) tree internal resource dynamics considering that trees
producing large seed crops should experience severe resource
depletion and thereby be prevented from ﬂowering (including
pollen) and fruiting the following breeding season (i.e. internal
resource depletion hypothesis) and (ii) cross-pollination
combined with density-dependent pollen limitation expected to
synchronise fruiting among trees: any tree breeding asyn-
chronously and allocating heavily to ﬂowering while outcross
pollen is rare – due to resource depleted neighbouring trees –
would likely have very few ﬂowers pollinated. The resource
saved subsequently to fruiting failure would then be allocated
to ﬂowering the following year, potentially in synchrony with
the other trees in the population. Large interannual variations
in fruiting would thus be promoted by alternate years with high
and low amounts of airborne pollen resulting from pollen pro-
duced synchronously at the population level. Other RBMs
allowed substantial advances in understanding masting by
introducing the effect of weather on several processes of plant
reproduction such as resource acquisition and/or allocation to
ﬂowering (Crone et al. 2005; Monks et al. 2016), ﬂoral initia-
tion (Rees et al. 2002; Abe et al. 2016; Bogdziewicz et al. 2018)
and pollination (Pesendorfer et al. 2016), or by implementing
environmental ‘veto’ that might occur at different steps of the
reproductive cycle and favour fruiting synchrony (Bogdziewicz
et al. 2018). RBMs are then a powerful tool to disentangle the
underlying mechanisms of masting (Crone & Rapp 2014),
which is notably required in fruit-masting species (vs. ﬂower-
masting species, sensu Pearse et al. 2016) as it is expected to be
the case for oaks.
Resource budget models raise the central question of the
key role of pollen limitation. Such limitation could be driven
either by the resource allocation into pollen production (re-
lated to the resource depletion hypothesis), and/or by the sen-
sitivity of the pollination process to weather conditions
(Pearse et al. 2016). In line with the last hypothesis, several
empirical studies have shown that daily airborne pollen
amounts strongly depends on weather conditions during pol-
len release and aerial diffusion for many plant species
(Garcıa-Mozo et al. 2012; Grewling et al. 2014; Kasprzyk
et al. 2014; Fuhrmann et al. 2016; Sabit et al. 2016). Likewise,
spring weather are related to fruiting intensity in some mast-
ing species (Garcıa-Mozo et al. 2012; Pearse et al. 2014;
Fernandez-Martınez et al. 2015; Koenig et al. 2015; Bogdzie-
wicz et al. 2017a; Caignard et al. 2017; Nussbaumer et al.
2018), which suggests that unfavourable weather conditions
for pollen release, aerial diffusion or synchronised ﬂowering
may cause pollen limitation (Koenig et al. 2012, 2015; Bogd-
ziewicz et al. 2017b).
However, this so-called ‘pollen limitation hypothesis’ is still
being widely debated mainly because (i) substantial amounts of
airborne pollen can be detected almost every year for masting
species (Clot 2003; Spieksma et al. 2003; Geburek et al. 2012),
(ii) pollination may be effective even at low pollen densities in
wind-pollinated species (Kelly et al. 2001; Friedman & Barrett
2009), and (iii) hand-pollen supplementation experiments lead
to contradictory outcomes (Tamura & Hiura 1998; Crone &
Lesica 2006; Friedman & Barrett 2009; Pearse et al. 2015).
The paucity of analyses encompassing large climatic gradi-
ents and based on long time series for both airborne pollen
amounts available for reproduction and fruiting intensity
likely accounts for our current poor understanding of the
implication of pollen limitation on masting. Here, we aim to
ﬁll this knowledge gap and test the role of pollen dynamics
(both interannual ﬂuctuation of airborne pollen amounts
and pollen synchrony, i.e. the seasonal spreading of airborne
pollen) and pollen limitation on oak masting by analysing
long-term and large-scale ﬁeld data of oak airborne pollen
and acorn production dynamics collected in temperate oak
populations, and by combining these analyses with the
development of a new RBM. This original approach allowed
us to elucidate how airborne pollen amount mediates acorn
production through both internal resource allocation dynam-
ics (related to resource depletion) and spring weather. Both
oak airborne pollen amount and acorn production were
found to increase along with warmer and drier spring
weather following a logistic function. Furthermore, we
found that pollen limitation, driven by weather conditions
at time of pollen release and aerial diffusion combined with
the resource allocation strategy, strongly inﬂuences oak
masting. Our ﬁndings could be crucial for understanding the
impact of climate change on oak tree reproduction, and, by
domino effect, on the dynamics of oak forest biodiversity as
a whole.
MATERIAL AND METHODS
We focused on two white oak species (Quercus petraea and Q.
robur) that are widespread and abundant in Northern hemi-
sphere forests and well known for their interannual fruiting
dynamics that are extremely ﬂuctuating and with noticeable
consequences on the whole forest ecosystem (Crawley & Long
1995; Frey et al. 2007; Venner et al. 2011; Gamelon et al.
2013; Pelisson et al. 2013).
Field data
We analysed pollen and acorn datasets acquired indepen-
dently through long-term and large-scale ﬁeld observations
in temperate French oak populations (44 pollen-sampling
sites surveyed for 22 years from 1994 to 2015, and 30
acorn-sampling sites surveyed for 14 years from 1994 to
2007), and weather data available for each pollen- and
acorn-sampling sites (see Appendix S1, Tables S1, S2 and
Figs S1, S2 in the Supporting Information for a detailed
description of the datasets). From oak pollen data, we com-
puted two variables: (i) the yearly amount of airborne pol-
len recorded at each site and, (ii) the duration of the
seasonal spreading of airborne pollen (i.e. the number of
days corresponding to the interquartile range of daily
amounts of airborne pollen), which is a proxy of the syn-
chrony level of pollen release among trees (called hereafter
‘pollen synchrony’).
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Statistical analyses
Data concerning these two oak species were pooled for statis-
tical analysis, then modelling, because pollen morphology
does not allow discriminating them and no signiﬁcant species
effect was observed in acorn production (see Appendix S1,
Table S3 and Fig. S3 for a complete justiﬁcation). The inten-
sity of interannual ﬂuctuations of both airborne pollen
amount and acorn production were estimated by computing
for each site the temporal population Coefﬁcient of Variation
(CVp) of these two variables (Herrera 1998; Koenig et al.
2003). To test whether interannual pollen dynamics is in line
with the resource depletion hypothesis (i.e. negative lag-1 year
autocorrelation), we calculated the autocorrelation coefﬁcient
for each of the 44 pollen-sampling sites, and tested with Stu-
dent’s t-tests if the averaged coefﬁcient (calculated from all 44
lag-1 year autocorrelation coefﬁcients) differed from zero.
Contrary to the work of Lebourgeois et al. (2018) that was
based on the same pollen and acorn datasets as in our study,
we considered that the two datasets cannot be directly
crossed. Indeed, based on their method we found that annual
oak airborne pollen amount as well as pollen synchrony were
poorly estimated at the acorn sites (Appendix S2 and
Table S4). We then developed an indirect, yet robust, method
by ﬁrst identifying the weather conditions impacting pollen
dynamics, then testing their impact on fruiting dynamics.
To test the sensitivity of pollen dynamics to weather at dif-
ferent time periods, we crossed annual airborne pollen
amount, and then pollen synchrony, with meteorological data.
For each calendar month, we computed mean values for tem-
perature and rainfall and perform a principal component
analysis (PCA) on these two weather variables. We then used
the ﬁrst Principal Component (called hereafter ‘Weather
Index’ (WI) that captured between 52% and 73% of both
temperature and rainfall variability) to reﬂect the observed
weather variation (Appendix S3 and Table S5). We split the
whole pollen dataset in two mirror sub-datasets, each of these
comprising full time series of 22 pollen-sampling sites evenly
distributed over similar altitude, longitude and latitude gradi-
ents, and we used them separately to run two independent sta-
tistical analyses (Fig. S1). Using a ﬁrst sub-dataset (called
hereafter ‘calibration dataset’), we performed an exploratory
analysis to detect without any a priori the candidate periods
when weather variables inﬂuence airborne pollen amount and/
or pollen synchrony. We then ﬁtted generalised linear mixed
models (GLMMs with Gaussian family and identity link) with
log-transformed airborne pollen amount as the dependent vari-
able, the lag-1 autocorrelation of airborne pollen amount and
different WI as covariates, and the factors ‘site’ and ‘year’ as
random effects to increase the probability of identifying candi-
date periods and key weather conditions (Table S6). On the
second sub-dataset (called hereafter ‘validation dataset’), we
tested whether the WI effects previously identiﬁed were
detected again by ﬁtting generalised linear models (GLMs with
Gaussian family and identity link) with the factors ‘site’ and
‘year’ as ﬁxed effects (Table S7). Then, we calculated the pro-
portion of the ‘site’ and ‘year’ effects that was accounted for by
WI using an analysis of deviance (ANODEV, Skalski et al.
1993; Grosbois et al. 2008; Lebreton et al. 2012) (Table S8).
Considering that pollen limitation might depend on weather
conditions impacting the amount of airborne pollen and/or pol-
len synchrony, we tested the prediction that the WI (identiﬁed
then validated with pollen dataset) would also be correlated to
the fruiting intensity at the acorn-sampling sites. We ﬁtted a
negative binomial GLM using a log link, with the acorn num-
ber as the dependent variable, the lag-1 year acorn number and
WI as covariates, and the factors ‘site’ and ‘year’ as ﬁxed
effects, which analysis was followed by an ANODEV, as for
pollen data analysis (Appendix S3, Tables S3 and S9).
All statistical analyses were performed with the R free soft-
ware environment (v.3.4.3, http://cran.r-project.org). We per-
formed the PCA and performed temporal autocorrelation
analysis using the dudi.pca and acf functions from the ade4
package (Dray & Dufour 2007). The best-ﬁtted family distri-
bution used in the linear model was determined using the ﬁt-
distrplus package (Delignette-Muller & Dutang 2015). Several
GLMMs including various additive effects were ﬁtted using
the lmer function from lme4 packages (Bates et al. 2015).
The model
We built a RBM (detailed in Appendix S4) to explore to what
extent pollen limitation could be involved in masting. We
showed from empirical analyses that ‘April Weather Index’
(AWI), which is negatively related to rainfall and positively
with temperature in April, was the weather variable the most
highly correlated to both the amount of airborne pollen and
acorn production (Tables S3, S6 and S7). We then included
the effect of AWI on the amount of pollen available for
reproduction. Since the results obtained with AWI or April
mean temperature (AT) were very similar (Fig. S4), and to
allow easier comparison with other studies on masting, we
replaced AWI with AT in a second model. In the following
methods and results sections, we only present the case of AT.
In our model, we considered that pollen limitation possibly
results from internal resource depletion of trees determining
the amount of resource that the trees may allocate to pollen
production a given year, and/or from the spring weather
impacting the amount of airborne pollen available for repro-
duction. Our RBM was inspired from a former one (see Ven-
ner et al. 2016 and Appendix S4 for details), though with two
major changes. First, based on our empirical results, we ﬁtted
a logistic relationship between spring weather (i.e. AT), and a
coefﬁcient weighting the pollen availability for reproduction
by reducing the total amount of pollen produced a given year
by a set of neighbouring trees (Appendix S4 and Table S10).
Second, following Monks et al. (2016), we replaced the unre-
alistic threshold model with a continuous, smoothing logistic
function linking the amount of resources allocated to ﬂower-
ing to the level of tree reserves. In our study, an average
depletion coefﬁcient (DC) of 5 has been empirically estimated
(see Appendix S4 for details), and considering balanced
resource allocation into male and female ﬂowering (Norton &
Kelly 1988). We also looked for average DC of 2 and 8 con-
sidering male- and female-biased allocation to ﬂowering
respectively (Figs S5 and S6).
We compared the observed pollen and fruiting patterns (us-
ing both CVp and the mean relationships Pollen  AT,
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Fruit  AT) to the data simulated considering or not pollen
limitation. In the pollen limitation context, the pollination
success depended on the airborne pollen amount following a
logistic function (see Venner et al. 2016 for detailed justiﬁca-
tion). Under no pollen limitation, we considered that there
was always enough pollen to ensure constant and maximum
pollination success. We further examined the case when pollen
limitation would be due to the resource allocation strategy
alone (‘resource-driven pollen limitation’) or to spring weather
alone (‘weather-driven pollen limitation’).
RESULTS
Resource depletion and spring weather as main drivers of pollen
dynamics
We tested whether the interannual pollen dynamics in oak
trees supports the hypothesis of the synchronised resource
depletion and allocation into pollen production within tree
populations. Because the amount of airborne pollen depends
on the amount of resources trees allocated to male ﬂower pro-
duction, we predict that airborne pollen amounts would
greatly ﬂuctuate over years, notably with years of low pollen
production following years during which large amounts of
pollen were produced. Accordingly, the oak pollen dynamics
analysed from a 22-year annual survey over 44 sites clearly
followed a biennial rhythm with alternating years of high and
low airborne pollen amounts (Fig. 1). Using the validation
dataset, we showed that the negative temporal autocorrelation
(1-year lag coefﬁcient averaging 0.28, Student’s t-test:
t = 6.68; d.f. = 43; P < 0.001; 95% CI [0.36; 0.19])
accounted for 17.7% of the variation observed in annual air-
borne pollen amount within pollen-sampling sites (Table S8).
Airborne pollen amounts ﬂuctuated over the years, yet to a
lesser extent than did oak acorn production (median CVp for
pollen equals 0.5 vs. 1.3 for acorns; Fig. 2).
Under the pollen limitation hypothesis, the weather condi-
tions inﬂuencing the amount of airborne pollen and/or pollen
synchrony would also inﬂuence the acorn crop. Of the numer-
ous months tested using the calibration dataset, we showed
that the amount of airborne pollen solely depended on April
weather (i.e. weather at time of pollen release and aerial diffu-
sion at our study sites; see Appendix S3, Fig. S7 and Table S6).
The amount of annual airborne pollen increased according to a
logistic function with AWI (Fig. 3a, and Tables S6, S7) that is,
with increasing temperature and decreasing rainfall
(Appendix S3 and Fig. S8). Using the validation dataset, we
showed that the AWI overall accounted for 12.8% of the varia-
tion observed in airborne pollen amounts and also accounted
for 50% of the ‘year’ effect (see ANODEV; Table S8). In com-
plement, we showed that the amount of airborne pollen and
acorn production both increased, according to a logistic
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Figure 1 Interannual dynamics of oak airborne pollen amounts. Annual airborne pollen amounts from Quercus spp. were measured from 1994 to 2015 at
each of the 44 pollen-sampling sites surveyed (see Fig. S1 for a map of the pollen sites and Table S1 for their GPS coordinates). The relative airborne
pollen amount is computed for any given locality as the ratio of the absolute airborne pollen amount (i.e. estimate of the annual number of pollen items
per cubic metre of air) measured at a given year to the maximum value ever found at that site.
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Figure 2 Interannual ﬂuctuations in oak pollen amount and acorn
production in the ﬁeld. The amplitude of interannual ﬂuctuations were
described from the distribution of the population Coefﬁcient Variation
(CVp). The cumulative frequency distribution of the CVps was calculated
from (i) the oak acorn crop collected in each of the 30 acorn-sampling
sites surveyed each year from 1994 to 2007 (blue line) (see Fig. S2 for a
map of the acorn-sampling sites and Table S2 for their characteristics)
and (ii) from the annual airborne pollen amount for each of the 44
pollen-sampling sites surveyed each year from 1994 to 2015 (orange line)
(see Fig. S1 for a map of the pollen-sampling sites and Table S1 for their
GPS coordinates).
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function, with the AWI (Fig. 3a,b; Tables S3, S6, S7 and S10).
Similar results were obtained when April mean temperature
(i.e. AT) was used instead of AWI (Fig. 3c,d).
The airborne pollen amount was not correlated to pollen syn-
chrony (Table S11 and Fig. S9). Using the calibration dataset,
we showed that pollen synchrony was not correlated with AWI
(nor with AT) but correlated with weather in September and
October of the previous year, and in March of the current year,
that is, a few weeks before pollen release and aerial diffusion
take place (Table S6). These relationships between pollen syn-
chrony and weather were not robust, however, since no effect
of any weather variable was detected when tested on the valida-
tion dataset (Table S7), and furthermore, they had no detect-
able effect on fruiting intensity (Table S12).
Pollen dynamics as a key driver of fruiting dynamics in oak trees
To disentangle the respective role of the ‘resource-driven pol-
len limitation’ (resulting from internal resource depletion) and
that of the ‘weather-driven pollen limitation’ (operating on
pollen aerial diffusion) on oak masting, we developed a RBM
simulating pollen and fruiting dynamics under various condi-
tions of pollen limitation. Because robust results are generated
by only accounting for the effect of the weather conditions in
April (AT, or AWI) on both airborne pollen amount and
acorn production, only these weather effects have been
included in our model.
Without any pollen limitation, that is, considering the fertil-
isation rate to be high and independent of the true airborne
pollen availability, tree reproduction should theoretically be
desynchronised (Satake & Iwasa 2002a,b), which would
homogenise the amount of pollen and fruit produced each
year at the population level. Accordingly, our simulations
show weak interannual variation in airborne pollen amounts
as well as in acorn crops (Fig. 4a). The simulated airborne
pollen amounts were sensitive to AT (Fig. 4e), similarly to the
observed data, contrary to the acorn abundance that remained
consistently high (Fig. 4i).
In the subsequent simulations, pollen limitation is included
in the RBM through a pollination function that describes the
positive logistic response of the pollination success to the pol-
len availability (see Venner et al. 2016 and Appendix S4 for
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Figure 3 Impact of spring weather on oak airborne pollen amount and acorn production. Airborne pollen amount (a,c) and acorn production (b,d) both
increased following a logistic function with the April Weather Index (AWI) (a,b) (which is positively correlated to ambient temperature and negatively
correlated to rainfall (Appendix S3 and Fig. S8 for further details)), and with the April mean temperature (AT) alone (c,d). The ﬁtted pollen and acorn
data were computed as relative (i.e. the ratio between the value at a given year of one site to the maximum value ever found at that site). For pollen, data
collected yearly for 22 years at each of the 44 sites were ranked according to their corresponding AWI (or AT) values, then sets of 14 consecutive values
were made to compute means and SD (black dots and their interval segments) of airborne pollen amount (in all 518 site year combinations available). The
same was done for acorn data (in all 420 site year combinations available), except that means and SD were computed on sets of 12 consecutive values.
Shaded areas show the 95% conﬁdence interval of the model estimates.
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further details). This amount of pollen may depend on (i) the
resource allocation of trees in pollen production, (ii) the
spring weather (i.e. AT) during pollen release and aerial diffu-
sion (iii) or both. When pollen dynamics and limitation are
considered to depend either on the dynamics of internal
resource alone (Fig. 4b,f,j) or on spring weather alone
(Fig. 4c,g,k), the simulations failed to match ﬁeld data. Con-
sidering the ‘resource-driven pollen limitation’ alone, the sim-
ulated pollen ﬂuctuations were similar to the observed ones
but the simulated acorn production ﬂuctuated much less than
the observed ones (Fig. 4b), while the simulated airborne pol-
len amounts as well as fruit production were logically
independent of spring weather (Fig. 4f,j). Considering the
‘weather-driven pollen limitation’ alone, pollen and acorn var-
ied according to logistic functions with AT (Fig. 4g,k), but we
found lower simulated pollen and acorn ﬂuctuations com-
pared to the observed ones (Fig. 4c).
Assuming that pollen limitation is mediated both by the
dynamics of internal resources and spring weather, our model
predicts that airborne pollen amounts should ﬂuctuate over
the years, though to a lesser extent than fruiting. These ﬁnd-
ings satisfactorily match our empirical data, for both pollen
and acorns (Fig. 4d). We found greater variation in acorn
crops compared to airborne pollen amounts, which would be
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Figure 4 Model outputs compared to empirical datasets for oak airborne pollen and acorn production. Simulated data (light-shaded areas) correspond to
different cases of pollen limitation: ‘no pollen limitation’ (a,e,i), ‘resource-driven pollen limitation’ (b,f,j), ‘weather-driven pollen limitation’ (c,g,k), or
‘resource- and weather-driven pollen limitation’ (d,h,l). (a–d) Cumulative frequency distribution of the population Coefﬁcient of Variation (CVp) calculated
from empirical oak pollen and acorn data (lines) and simulated data (light-shaded areas). (e–l) Mean relationships between the relative airborne pollen
amount (e–h) or relative fruiting abundance (i–l) along with spring weather (AT, April mean Temperature). The simulated relationships display the 95%
credible interval for pollen and acorns respectively (i.e. the interval including 95% of the simulations; see Materials and Methods and Appendix S4 for
more details and Figs S5 and S6 for a sensitivity analysis to the depletion coefﬁcient). In (e)–(l), the observed relationships (dark-shaded areas) correspond
to the 95% conﬁdence interval (see Fig. 3).
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due to the logistic shape of the function that links fruit set (or
pollination success) to the amount of airborne pollen
(Fig. S10). In complement, the simulated airborne pollen
amount and acorn production were also highly sensitive to
spring weather, similarly to what was observed from empirical
data (Fig. 4h,l). We obtained qualitatively the same results
with the three values of DC tested (Figs S5 and S6). When we
considered either empirical or simulated data individually col-
lected at each site and each year we found positive yet loose
relationship between pollen (or fruiting) and AWI (Fig. S11).
Further simulations were made to compare logistic vs. linear
relationships between the coefﬁcient weighting pollen avail-
ability and spring weather for their effect on pollen and acorn
dynamics. Unlike logistic function, the linear function largely
and consistently underestimated the inﬂuence of weather con-
ditions on masting pattern, leading to strong discrepancy
between simulated and observed patterns (Fig. S12).
DISCUSSION
Whether pollen dynamics and limitation are key drivers of
masting is a challenging question to understand the dynamics
of forest biodiversity and predict its future in the context of
climate change. We provided here evidence of such decisive
role of pollen in oak masting. Mechanisms at play involved
two major components: (i) the synchronised internal resource
dynamics and depletion among trees that generates alternating
years with high and low pollen production at the population
scale and (ii) the high sensitivity of the amount of airborne
pollen to spring weather.
The oak pollen dynamics shows negative temporal autocorre-
lation with alternating years of high and low airborne pollen
amounts (Fig. 1). This biennial rhythm may unlikely be gov-
erned by weather conditions but rather results from the syn-
chronised internal resource depletion and allocation in pollen
production among trees within populations. Over the last dec-
ade, many theoretical investigations have proposed that switch-
ing between low and high pollen availability at the population
level may be one of the key mechanisms of masting (Isagi et al.
1997; Satake & Iwasa 2002a; Pesendorfer et al. 2016; Venner
et al. 2016). On the basis of the extended ﬁeld network and sur-
vey of airborne pollen, we provide original and robust results
supporting this ‘resource-driven pollen limitation’ hypothesis.
Our results are in line with previous studies that pointed out
the role of resource limitation in masting species, including
oaks (Rapp et al. 2013; Pesendorfer et al. 2016), which suggest
that ﬂower and pollen production depend on the level of nitro-
gen reserve that ﬂuctuates before and after a massive fruiting
event (Sala et al. 2012; Han et al. 2014; Miyazaki et al. 2014;
Abe et al. 2016), even if the limiting resource for pollen and
fruit production remain controversial (Ichie et al. 2013; Pearse
et al. 2016; Han & Kabeya 2017).
We also showed that the weather conditions driving oak
pollen dynamics impacted acorn crops. Consistently with
many studies showing that weather during pollen release and
aerial diffusion may impede airborne pollen amounts (Fernan-
dez-Martınez et al. 2012; Grewling et al. 2014; Kasprzyk et al.
2014; Fuhrmann et al. 2016; Sabit et al. 2016), we found that
the oak airborne pollen amounts was positively correlated
with warm and dry April weather (Fig. 3a,b). Interestingly,
oak airborne pollen amounts and acorn crops similarly
increased with AWI, even though acorn and oak pollen data-
sets had been collected in separate sites and years. Similar
results were also obtained when replacing AWI by April mean
temperature (i.e. AT) (Fig. 3c,d). Such similar logistic
responses of pollen amount and acorn crops to spring weather
provide one of the most relevant empirical support for a
‘weather-driven pollen limitation’ that would reduce acorn
crop by impeding pollen availability for reproduction.
Previous studies have suggested that pollen synchrony (i.e.
the duration of the seasonal spreading of airborne pollen)
could be one of the main drivers of oak masting (Koenig
et al. 2015; Pesendorfer et al. 2016; Bogdziewicz et al. 2017b)
because high spring temperatures are known for their syn-
chronising effect on leaf budburst – leaf phenology providing
a proxy of pollen phenology (Koenig et al. 2012) – and are
also favourable to high fruiting (Pearse et al. 2014; Caignard
et al. 2017; Nussbaumer et al. 2018). Our results show that
pollen synchrony is not correlated to the annual airborne pol-
len amount (Fig. S9), which suggests that their effects can be
unravelled. Here, we found that pollen synchrony does not
correlate with the weather conditions at time of pollen release
and aerial diffusion (i.e. April), but does with those occurring
ahead to this period. Yet, these weather variables seem to
have only a weak or no effect on pollen synchrony. They
indeed vanished when tested using the validation dataset, and
furthermore, they had no detectable effect on fruiting inten-
sity. These results therefore suggest that the annual pollen
amount, rather than pollen synchrony, determines pollination
success and by extent fruiting success. Our results thus conﬂict
with a recent work based on the same datasets than in our
study (Lebourgeois et al. 2018), in which the authors found
no effect of annual airborne pollen amount on acorn produc-
tion and concluded that their results supported the pollen syn-
chrony hypothesis. However, their results and interpretation
are questionable since they are drawn from poor estimates of
pollen amount and synchrony at the fruiting sites
(Appendix S2, and Table S4) and they did not directly test
the effect of pollen synchrony on fruiting. Disentangling the
effects of the amount of airborne pollen and of pollen syn-
chrony requires further robust and rigorous empirical cross-
analyses with fruiting success (fruit set).
Our RBM revealed that pollen limitation in oak population
must be mediated both by the dynamics of internal resource
synchronised among trees (resource-driven pollen limitation)
and by spring weather impacting the amount of pollen avail-
able for reproduction (weather-driven pollen limitation).
When these two conditions were met, and provided that the
coefﬁcient weighting pollen availability was logistically related
to the weather variable, our model predicts that the amount
of airborne pollen would ﬂuctuate over the years, though to a
lesser extent than fruiting, and that pollen and acorn amounts
would be highly sensitive to spring weather, similarly to the
observed data (Fig. 4d,h,l). In contrast, whenever any of these
two conditions was lacking (Fig. 4, ﬁrst 3 panel columns), or
when linear relationship was assumed between the coefﬁcient
weighting pollen availability and spring weather (Fig. S13),
the simulated results departed from those observed in the
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ﬁeld. Moreover, empirical studies of masting have often con-
sidered linear relationships between weather variables and
fruit production (but see Kelly et al. 2008, 2013). Our RBM,
combined with another recent theoretical work (Fernandez-
Martınez et al. 2017a), stresses the need to address nonlinear
‘weather-fruit’ relationships to more accurately assess the
weather drivers of masting.
Although our work provides new information supporting
the pollen limitation hypothesis, this may not be the only
mechanism governing masting in oaks or other plant species
(see Pearse et al. 2016). In some cases, and independently of
pollination, weather conditions may strongly inﬂuence ﬂower-
ing or fruiting allocation processes. Weather conditions can
act either as cues to which plants respond synchronously
(Ashton et al. 1988; Kelly & Sullivan 1997; Kelly et al. 2000,
2013; Koenig 2002; Koenig & Knops 2013; Kon & Saito
2015; Fernandez-Martınez et al. 2017b) or as environmental
constraints (Sarvas 1962; Kon et al. 2005; Bogdziewicz et al.
2017a, 2018). Weather may impede or even prevent reproduc-
tion (environmental veto) in rare years, particularly when late
spring frost cause fertilised ﬂowers to abort massively (Chang-
Yang et al. 2016), leading to amplify fruiting synchrony
(Crone & Rapp 2014; Pearse et al. 2016; Bogdziewicz et al.
2017a,b, 2018). RBMs applied to masting in oak tree popula-
tions suggest that both environmental veto (Bogdziewicz et al.
2018) and pollen limitation (Pesendorfer et al. 2016, our
study) play a key role in masting. Interestingly, these two pro-
cesses could be closely linked: oak pollen is released quite
early in the season (i.e. April) at a time when weather condi-
tions are commonly unfavourable to pollen release and aerial
diffusion (Fig. 3c) making weather-driven pollen limitation a
key driver. In addition, ﬂowers maturing in early spring may
be most sensitive to frost, which is likely to favour the occur-
rence of environmental vetoes. The way these two mechanisms
jointly operate deserves further work combining modelling
and accurate ﬁeld observations.
To conclude, our work examining the pollen limitation
hypothesis suggests that any subtle change in weather condi-
tions during pollen release and aerial diffusion is likely to
cause signiﬁcant changes in pollen limitation and oak tree
reproduction, which effect may be emphasised because of the
logistic shape of the ‘pollen-weather’ relationship (Fig. 3). In
consequence, by affecting the degree of pollen limitation, our
study highlights that climate change might strongly impact
oak masting and its ecological cascade effects. Our ﬁndings
provide better understanding of the mechanisms underlying
oak masting and a robust, credible model for oak forest
reproduction and the associated biodiversity dynamics in the
context of climate change.
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3. Conclusion
Dans le chapitre 1 de cette thèse, nous avons montré que la limitation en pollen joue un
rôle clé dans le masting des chênes de régions tempérées. Avec notre approche empirique,
nous avons d’abord montré que la dynamique pollinique était marquée par une autocorrélation
temporelle négative, avec une alternance d’années de fortes et faibles quantités aériennes de
pollen. Ce résultat est en faveur de l’hypothèse de la limitation en pollen, sur laquelle les RBM
sont fondés, qui propose que la limitation en pollen certaines années serait due à une faible
production de pollen synchronisée entre les individus-arbres en raison d’un épuisement de leurs
réserves. Nous avons aussi montré que les conditions météorologiques printanières, au moment
de l’émission et de la diffusion du pollen, qui impactent la dynamique pollinique, impactent de
la même manière la dynamique de fructiﬁcation. En effet, nous avons montré que la quantité
aérienne de pollen et la production de fruits, collectés sur deux jeux de données indépendants,
augmentaient tous deux selon une relation logistique, avec la température moyenne d’avril.
Enﬁn, avec notre approche théorique, nous avons montré que seul le RBM qui tient compte
à la fois (i) de la dynamique interne d’allocation des ressources synchronisée entre les arbres
d’une population, et (ii) des conditions météorologiques printanières qui impactent la quantité
de pollen disponible pour la reproduction, permet de générer des ﬂuctuations de fructiﬁcations
similaires à celles observées sur nos sites d’étude.
Dans ce premier chapitre, nous avons décrit les dynamiques inter-annuelles de fructiﬁcations
observées et générées par le modèle à l’aide du coefﬁcient de variation populationnel (CVp) qui
est classiquement utilisé pour décrire le masting. Cependant, ce descripteur mathématique, ainsi
que tous ceux actuellement disponibles dans la littérature, ne permet pas de décrire l’asymétrie
observée dans la dynamique inter-annuelle de fructiﬁcation. Une faible fructiﬁcation survient
systématiquement après une fructiﬁcation massive, alors que l’inverse est faux. Dans le chapitre
qui suit, le chaptire 2 de cette thèse, je me suis donc attachée à étudier cette asymétrie pour tenter
de mieux comprendre les causes proximales du masting des chênes de régions tempérées.
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Chapitre 2 : La phénologie pollinique dé-
termine la composante stochastique du mas-
ting des chênes de régions tempérées.
1. Objectifs
Chez les chênes de régions tempérées, la dynamique de fructiﬁcation est asymétrique. À
l’échelle d’une population, une faible fructiﬁcation survient systématiquement après une fruc-
tiﬁcation massive (i.e. composante déterministe), alors qu’une fructiﬁcation massive n’est pas
forcément consécutive à une faible fructiﬁcation (i.e. composante stochastique). La compo-
sante déterministe s’explique par les dynamiques synchronisées d’allocation des ressources des
arbres. L’année qui suit une fructiﬁcation massive, les réserves des arbres sont épuisées ce qui
les empêche de produire à nouveau une forte quantité de pollen. Cette faible production de pol-
len synchronisée engendre de la limitation en pollen à l’échelle de la population ce qui conduit à
un faible succès de pollinisation et donc de fructiﬁcation des arbres. En revanche, la composante
stochastique est très peu étudiée et serait probablement liée à l’imprévisibilité des conditions
météorologiques qui peuvent impacter chacune des étapes clés du cycle de reproduction qui
restent encore à identiﬁer. En outre, aucun descripteur actuel du masting ne permet de décrire
cette composante stochastique, ce qui est pourtant crucial pour mieux comprendre les causes
proximales du masting, ses causes évolutives, mais aussi prédire son devenir dans le contexte
du changement climatique. En proposant une nouvelle métrique complémentaire pour décrire
la composante stochastique du masting, nous avons testé, dans ce chapitre 2, l’hypothèse selon
laquelle la phénologie pollinique détermine la composante stochastique du masting. En détermi-
nant les conditions météorologiques qui inﬂuencent la maturation, l’émission et/ou la diffusion
du pollen, mais aussi l’occurrence des gels tardifs qui peuvent agir comme un veto environ-
nemental en abîmant les structures reproductrices, la phénologie pollinique pourrait jouer un
rôle clé dans le succès de fructiﬁcation. Pour tester cette hypothèse, j’ai combiné une approche
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empirique et théorique. L’approche empirique a consisté à caractériser dans un premier temps
la phénologie pollinique des chênes en régions tempérées (Quercus petraea et Q. robur), puis à
analyser dans un deuxième temps la sensibilité de la quantité aérienne de pollen et du succès de
fructiﬁcation aux conditions météorologiques autour de la date de débourrement des chênes. En
parallèle, la phénologie pollinique des espèces de chênes en région Méditerranéenne a été ana-
lysée pour déterminer si cette dernière peut différer entre espèces phylogénétiquement proches.
En utilisant le RBM du chapitre 1, nous avons exploré les conséquences d’un décalage temporel
de la phénologie pollinique sur la dynamique de fructiﬁcation, en particulier sur la composante
stochastique du masting.
2. Schermer et al. en préparation
Le chapitre 2 de cette thèse est basé sur mon deuxième article en tant que première auteure
qui est actuellement en cours de révision par l’ensemble des co-auteurs. Ce dernier, ci-après, est
rédigé en anglais dans l’objectif d’une soumission dans une revue scientiﬁque spécialisée dans
les sciences des plantes comme New Phytologist par exemple.
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Summary
• Many perennial plants display masting, that is, highly ﬂuctuating seed production from
year to year, with trees being synchronized within populations. The stochastic com-
ponent of masting (i.e. unpredictable occurrence of massive fruiting) is poorly unders-
tood. Here, we test in temperate oak species the hypothesis that it is linked to the spring
phenology of trees.
• From a large ﬁeld monitoring network, we analyzed the pollen phenology of temperate
oak species (relatively to Mediterranean ones) and we determined the sensitivity of both
airborne pollen amount and seed production to weather conditions occurring around the
bud-burst date. Complementarily, using a mechanistic model, we explored the conse-
quences of shifting pollen phenology on fruiting dynamics.
• We show that temperate oaks mature pollen early, at a time period when the weather
conditions are often unfavorable to pollination and lead to frequent reproductive failure.
From simulations, we show that later phenology would much reduce the stochasticity of
fruiting dynamics.
• Early pollen phenology might be adaptive by making mast-seeding years rare and un-
predictable, which could greatly help controlling the dynamics of seed consumers. Our
study highlight the need for understanding the evolution of perennial plant phenology,
to consider its effect on fruiting dynamics and associated reproductive success.
Key words : masting ; oak species ; pollen phenology ; stochastic mast-seeding ; resource
budget model
55
Introduction
Reproduction in many perennial and wind-pollinated plant species is characterized by mas-
ting, i.e. synchronized and highly variable levels of seed production over the years within a
population (Janzen, 1976 ; Kelly & Sork, 2002). Masting is known to strongly impact the de-
mography and evolution of seed consumers (Yang et al., 2010 ; Venner et al., 2011 ; Gamelon
et al., 2013 ; Pélisson et al., 2013 ; Rey et al., 2015 ; Bogdziewicz et al., 2016), with cascade
effects on forest biodiversity dynamics together with major economical and societal issues (e.g.
forest regeneration, disease propagation) (Crawley, 2000 ; Ostfeld & Keesing, 2000 ; Frey et al.,
2007 ; Bogdziewicz & Szymkowiak, 2016). Despite major consequences of masting and the
growing number of studies addressing this topic, its proximate causes remain difﬁcult to di-
sentangle mainly due to the diversity of candidate mechanisms possibly interacting and to the
important stochastic component of the fruiting dynamics (Crone & Rapp, 2014 ; Pearse et al.,
2016 ; Vacchiano et al., 2018).
Fruiting of mast-seeding species, besides ﬂuctuating strongly and synchronously over the
years, is characterized by negative temporal autocorrelation (Sork et al., 1993 ; Herrera et al.,
1998 ; Norton & Kelly, 1988 ; Koenig & Knops, 2000 ; Koenig et al., 2003). Such autocorre-
lation is classically interpreted as resulting from the resource depletion of the trees following
mast-seeding years, which prevents them from producing ﬂowers and seeds the following year
(i.e. resource depletion hypothesis, Monks & Kelly, 2006 ; Barringer et al., 2013 ; Crone et al.,
2009). Low ﬂowering among forest trees should signiﬁcantly reduce pollen availability, thereby
reducing the fertilization rate of female ﬂowers, promoting tree synchrony and hence, streng-
thening negative temporal autocorrelation of fruiting (Isagi et al., 1997 ; Satake & Iwasa, 2000 ;
Satake & Iwasa, 2002b). In consequence, the fruiting dynamics are extremely asymmetrical,
with lean-seeding years consistently occurring after a mast-seeding year (due to reserve de-
pletion of trees) while mast-seeding years may not systematically occur after a lean-seeding
year, as it could depend on combination of weather conditions, still poorly identiﬁed, affecting
both resource acquisition (Smaill et al., 2011), ﬂower or fruit ripening (Richardson et al., 2005 ;
Pérez-Ramos et al., 2015 ; Chang-Yang et al., 2016 ; Buechling et al., 2016), or pollination and
fertilization of female ﬂowers (Cecich & Sullivan, 1999 ; Koenig et al., 2015 ; Pearse et al.,
2015 ; Sabit et al., 2016 ; Bogdziewicz et al., 2017a ; Schermer et al., 2019).
Among the mathematical descriptors available for masting, none of them captures this asym-
metry and is able to set the respective amounts of the deterministic and stochastic components
involved. Such descriptors are yet needed to understand the proximate causes of masting (e.g.
which tree traits determine its stochastic component), its evolutionary causes (e.g. to what extent
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does the stochastic component effectively control seed consumers, Rees et al., 2002, or to pro-
pose masting projections in the context of climate change (e.g. will fruiting dynamics become
more deterministic or stochastic, which could have opposite effects on forest ecosystems).
The aim of our study is to test the hypothesis that pollen phenology is a key trait driving the
stochastic component of masting in temperate oak species. The weather conditions inﬂuencing
pollen maturation, release and/or aerial diffusion would depend on pollen phenology that, as
such, would play a key role in the pollination and fruiting success (Koenig et al., 2008 ; Koenig
et al., 2012 ; Bogdziewicz et al., 2017a ; Caignard et al., 2017 ; Schermer et al., 2019). Moreover,
late frosts at the vulnerable ﬂowering stage (García-Mozo et al., 2001 ; Augspurger, 2009), the
occurrence of which should also be closely linked to pollen phenology, can act as environmental
vetoes and strongly impede fruit set (Cecich & Sullivan, 1999 ; Chang-Yang et al., 2016).
To evaluate the importance of pollen phenology in temperate oak masting, we combined
empirical and theoretical approaches. We studied the pollen phenology of two temperate oak
species (Q. petraea and Q. robur) and examined the sensitivity of pollen aerial diffusion and
fruiting success to the temperatures and rainfall actually occurring around the bud-burst date of
oak trees. In parallel, the pollen phenology of oak species in the Mediterranean region was ana-
lyzed to determine whether this trait is likely to differ between phylogenetically closely related
species. Using a mechanistic model (Resource Budget Model), we explored the consequences
of a temporal shift in pollen phenology on fruiting dynamics, focusing on its deterministic and
stochastic components.
Materials and methods
The airborne amount of oak pollen was recorded daily using Hirst traps (Hirst, 1952) at 43
sites in France during a 22-year survey (1994-2015 ; Réseau National de Surveillance Aéro-
biologique ; see Figure 1.Chap2 in main text for a map and Table S1.Chap2 in the Supporting
Information (S) for the pollen-sampling sites characteristics). From the national forest inven-
tory (IFN, France) indicative of the oak species covering surface at each site within a 50-km
radius, the pollen dataset could be split into two groups, one called ‘temperate’ including sites
with more than 80% temperate oak species (Quercus robur and/or Q. petraea, 35 sites) among
oak species, and the other one called ‘mediterranean’ dominated by more than 80% by mediter-
ranean oak species (Q. ilex and/or Q. pubescens, 8 sites). At each site and each year, the total
amount of airborne pollen was computed and divided by the percentage of the surface covered
by oak trees so as to account for the forest density disparities between the sites ; this corrected
amount, simply called hereafter airborne pollen amount will be used in all subsequent analyses.
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In temperate oak populations, we analyzed the fruiting interannual variations at 30 sites
from a 14-year survey (1994-2007), these sites being independent of the pollen sites (RENE-
COFOR french network (Ulrich, 1995) ; see Figure S1.Chap2a for a map and Table S2.Chap2
for the GPS coordinates), nineteen forests were dominated by Q. petraea, nine by Q. robur and
two of them were mixed oak forests (see Table S2.Chap2). Acorn production was estimated
yearly at each site on a ﬁxed 1-acre surface where ten non-neighboring mature trees were each
equipped with one 0.5 m2 raised litter-fall trap ; the mature acorns collected were counted ex-
haustively and summed for the ten trees. On the basis of the daily weather data extracted from
the SAFRAN spatially-explicit database (8 × 8 km mesh size grid) (Durand et al., 1993), we
calculated the mean daily temperature (°C) and the cumulative rainfall (mm) during different
periods in spring, as well as the minimum daily temperature to check for a possible effect of late
frost acting as environmental veto on fruiting. These data will make it possible to test the ef-
fect of weather conditions on airborne pollen amount or fruit production and to simulate, from
Resource Budget Model (RBM) (see Isagi et al., 1997 ; Schermer et al., 2019), the fruiting
dynamics by integrating the identiﬁed weather conditions.
To explore the impact of pollen phenology on the fruiting dynamics of temperate oak spe-
cies, we estimated the bud-burst date (i.e. proxy of pollen phenology) each year on each site.
The bud-burst dates were collected from RENECOFOR at each of the 30-acorn sampling sites
and every year from 1997-2007, and correspond to the earliest date of the year when the ﬁrst
10% of trees already have 20% to 50% of their buds opened. From the negative correlation
between the bud-burst date and March mean daily temperature (see Table S3.Chap2 and Le-
bourgeois et al., 2008), we inferred the bud-burst date from March mean temperature at each
site and each year in temperate region (30 and 35 acorn- and pollen- sampling sites, respecti-
vely). On this basis, the effect of weather conditions around the bud-burst date (e.g. late frost
the month before, or average temperature the month after this date) was then tested on both
pollen and fruit dataset. In addition, simulations (from RBM) were carried out integrating the
key identiﬁed weather conditions around bud-burst date.
Data analysis
We ﬁrst compared the pollen phenology between ‘temperate’ and ‘mediterranean’ oak po-
pulations using the median date of pollen release and aerial diffusion (i.e. the day when 50% of
the annual airborne pollen amount has already been released) using student’s t-test.
To test the sensitivity of airborne pollen amount to various spring weather variables, we
proceeded independently for the ‘temperate’ and ‘mediterranean’ forest types as follows : (i)
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we performed a Principal Component Analysis (PCA) on mean temperature and cumulated
rainfall, and used the ﬁrst Principal Component (PC) as weather variable which captured both
temperature and rainfall (see Table S4.Chap2) ; (ii) we performed Generalized Linear Mixed
Models (GLMMs with Gaussian family and identity link) with log-transformed airborne pollen
amount as the dependent variable, the PC at several periods during spring (see Table S4.Chap2),
the lag-1 year autocorrelation of airborne pollen amount as covariates, considering the factors
‘site’ and ‘year’ as random effects, and we selected the most parsimonious GLMM for each
forest type using the Akaike Information Criterion (AIC) (see results in Table S5.Chap2). In
temperate oak forests, the best model obtained to explain airborne pollen amount variations is
the one that incorporates April weather conditions (N=35 sites), in accordance with a recent
study in which a similar analysis was conducted (Table S5.Chap2 ; Schermer et al., 2019). On
the contrary, no effect of spring weather conditions on airborne pollen amount was detected
in Mediterranean oak species (N=8 sites) whatever the period tested. To examine whether this
lack of effect is related to a statistical power problem, we repeated the analysis 100 times on
temperate forest sites by randomly selecting 8 sites, which revealed that our results are robust
(Table S6.Chap2).
To assess the importance of pollen phenology on the masting of temperate oak species, we
tested the sensitivity of fruit production and airborne pollen amount both to mean temperature
(see results in Table S6.Chap2) and to the occurrence of late frost around bud-burst date. To
ensure the robustness of the results, we split the whole acorn dataset in two mirror sub-datasets,
each of these comprising full time series of 15 acorn-sampling sites evenly distributed over
similar altitude, longitude and latitude gradients, and we conducted independent statistical ana-
lyses on each of them separately (see Figure S1.Chap2a). Using a ﬁrst sub-dataset, we made
an exploratory analysis by ﬁtting negative binomial GLMMs using a log link with fruit pro-
duction as the dependent variable, the lag-1 year autocorrelation of fruit production, the mean
temperature and binary factor (i.e. the occurrence of frost, that is, when minimum temperatures
fall below a threshold value tested without a priori) as covariates, considering the factors ‘site’
and ‘year’ as random effects (see results in Table S7.Chap2). We then tested the robustness of
the factors detected as signiﬁcant ones on the second sub-dataset, ﬁtting a negative binomial
Generalized Linear Model (GLM) using a log link with the same variables as for the GLMM
described above but considering the factors ‘site’ and ‘year’ as ﬁxed effects (see results in Table
S8.Chap2). We proceed in the same way for log-transformed airborne pollen amount in tem-
perate region but using gaussian family and an identity link (see Figure S1.Chap2b and Tables
S7.Chap2, S8.Chap2).
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All statistical analyses were performed with the R free software environment (v.3.4.3,
http://cran.r-project.org). We performed the PCA using the dudi.pca function from the ade4 pa-
ckage (Dray & Dufour, 2007), and ﬁtted the multiple additive GLMMs using the lmer function
from lme4 packages (Bates et al., 2015).
Modelling
Based on previous RBM version (Venner et al., 2016 ; Schermer et al., 2019) and on empiri-
cal ﬁndings that fruit production in temperate oak trees is sensitive to late intense frost occurring
one month or less before bud-burst date as well as to the mean temperature the month after bud-
burst date (this study ; see Tables S7.Chap2 and S8.Chap2), we built a new RBM exploring the
importance of pollen phenology on masting of temperate oaks (see Appendix 1 (cf Annexe 3 de
la thèse)). Pollen phenology is indirectly accounting in the model by (i) estimating the bud-burst
date from mean March temperatures at each site ·year combinations, and (ii) by calculating the
minimum temperatures the month before the estimated bud-burst date and the mean tempera-
tures the month after the estimated bud-burst date. We used this RBM to study the impact of
a shifted pollen phenology (i.e. bud-burst date) on the fruiting dynamics of temperate oaks :
we explored the consequences of either a 15-day advance pollen phenology, or delayed pollen
phenology, 15-day delayed phenology corresponding to what is actually observed for Mediter-
ranean oaks and for ash trees (Fraxinus spp.) in temperate region, and then 30-day time lag as
observed for beech (Fagus spp.) in temperate region (southwest of France, see Vitasse et al.,
2009).
Fruiting dynamics of forest trees is generally described using the four following common
metrics : (i) the individual coefﬁcient of variation (CVi) describing the individual between-year
variability in seed production ; (ii) the level of synchrony among trees within the population in
their fruiting dynamics ; and (iii) the population coefﬁcient of variation (CVp) describing the
fruiting temporal variation at the population level, and (iv) the negative temporal autocorrela-
tion of seed production (Herrera, 1998 ; Kelly & Sork, 2002 ; Buonaccorsi et al., 2003). Because
none of the measurements available captures the asymmetry expected between the probability
for lean-seeding years to follow mast-seeding years and vice-versa, we propose, in this study,
an additional paired metric reﬂecting possible asymmetry in the fruiting dynamics. In this way,
we propose to calculate : (i) the probability PL/M for a lean-seeding year (L) to follow a mast-
seeding year (M) at the population scale, called hereafter the deterministic (or depletion) com-
ponent of masting, and (ii) the probability PM¯/L of having anything but mast-seeding event (M¯)
the year following a lean-seeding year (L) at the population scale, alled hereafter the stochastic
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component of masting, whose increasing value indicates that massive fruiting events are all the
more rare and unpredictable.
From our 100 simulated fruiting dynamics, we therefore calculated, over a 100-year time
series, the population coefﬁcient of variation (CVp) classically used to describe masting inten-
sity, the deterministic component PL/M, the stochastic component PM¯/L (see Figure S2.Chap2
in section 4 of this chapter 2 (cf. 4. Exemples de dynamiques de fructiﬁcation) for a compari-
son of values of CVp, PL/M, PM¯/L on some examples of simulated fruiting dynamics from our
model). We could then compare the various scenarios with shifted phenology for the degree of
stochasticity in their fruiting dynamics, relative to the current phenology. Finally, we perfor-
med a sensitivity analysis to several distinct threshold values used for separating low and high
fruiting (see Figures S3.Chap2 and S4.Chap2).
Results
Advanced pollen phenology of Northern temperate oaks
In oak species living in temperate region in France, the release of pollen occurs mainly from
the second half of April to early May, and is getting earlier with decreasing latitude (see Figure
S5.Chap2). Although Mediterranean oak species are located southward temperate oak forests
(Figure 1.Chap2), their pollen release and aerial diffusion are delayed by about 2 weeks, on
average (two sample Student’s t-test : t = 17.42 ; df= 676 ; p< 0.001 ; 95% C.I. [12.96;16.25]).
Depending on the regions (temperate or Mediterranean) and on the phenological difference
between oak species, pollen release and aerial diffusion occur under very different weather
conditions (Figure 2.Chap2a). In temperate region, the airborne pollen amount is positively re-
lated, following logistic relationship, to April temperature (Table S6.Chap2 for results of the
GLMMs selection). For mean April temperature above 13°C (value determined by a threshold
model ; Huber, 1964, see Figure S6.Chap2), which occurs in 11% of the sites and years (Figure
2.Chap2a), the conditions for pollen release and aerial diffusion seem optimal as the airborne
pollen amount is high and stable (Figure 2.Chap2b). This effect of April temperature remained
statistically signiﬁcant even when randomly sampling 8 sites (i.e. the number of Mediterra-
nean sites) among the 35 temperate sites available (99 of the 100 repeated samplings provided
signiﬁcant relationship).
61
(a)
?????????????
?????????
(b)
April May
0
0.25
0.5
0.75
1
90 100 110 120 130 140 150
Median date of oak pollen release (in julian days)
C
um
ul
at
ed
 fr
eq
ue
nc
ie
s
Mediterranean
Temperate
Figure 1.Chap2 – Pollen phenology within the temperate and mediterranean oak forests. (a)
Spatial distribution of the 43 pollen-sampling sites. Temperate oak forests are deﬁned when
including 80% or more Q. petraea and/or Q. robur (35 sites, see orange circles) while Mediter-
ranean oak forests include 80% or more Q. ilex and/or Q. pubescens (8 sites, green triangle) re-
lative to the whole oak forest area comprised within a 50km-radius around each pollen-sampling
site. The GPS coordinates and the forest cover rate of each oak species of all pollen-sampling
site are indicated in Table S1.Chap2. (b) Cumulative frequency distribution of the median date
of oak pollen release for the ‘temperate’ (orange line) and ‘Mediterranean’ (green line) oak
forests. The median date was calculated each year (from 1994 to 2015) at each site as the day
when 50% of the annual pollen amount has already been released. Dates are in Julian days, that
is, the number of days elapsed since January 1st (day 1) of each year.
In Mediterranean oak species, spring weather conditions (see Table S4.Chap2) did not signi-
ﬁcantly affect the airborne pollen amount (Figure 2.Chap2a and see results in Table S5.Chap2)
and pollen was always released under favorable temperature (above 13°C on average) (Figure
2.Chap2b). Moreover, the airborne pollen amount of Mediterranean is higher than that of tem-
perate oak species, on average (Figure 2.Chap2a, Two Sample Student’s t-test : t = −12.41 ;
df = 676 ; p < 0.001 ; 95% C.I. of difference of log data [−1.23;−0.90]). This difference re-
mains signiﬁcant even after restraining the temperate oak database to sites and years experien-
cing mean April temperature above 13°C (Two Sample Student’s t-test : t = −3.49 ; df= 178 ;
p < 0.001 ; 95% C.I. of difference of log data [−0.68;−0.19]).
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Figure 2.Chap2 – Sensitivity of airborne pollen amount to spring temperature. (a) In temperate
oak forests (orange circles), the airborne pollen amount increased, on average, following a lo-
gistic function with the mean temperature of April (Tables S5.Chap2, S6.Chap2 and S9.Chap2).
This contrasts with Mediterranean oak forests (green circles) that exhibited no relationship bet-
ween pollen amount and any of the spring weather conditions tested ; for these forests, we
computed the mean temperature recorded between mid-April and mid-May to account for the
15-day delayed pollen phenology of Mediterranean oaks. Data shown are mean(+-SE) of an-
nual airborne pollen amount ranked according to increasing temperature and grouped by sets
of 10 consecutive values to compute mean(+-SE) (see Figure S7.Chap2a,b showing the same
relationship with ungrouped data). Shaded areas show the 95% conﬁdence interval of the mo-
del estimates. (b) Cumulative frequencies of the annual pollen amount at each site and year as
a function of mean April temperature. The orange vertical dotted line shown in panels (a) and
(b) is the 13°C threshold value above which the pollen amount of temperate oaks reaches high
values, independent of mean April temperature (see Figure S6.Chap2 for the deviance proﬁle
from the ‘threshold model’ ; Huber, 1964). This threshold value is overcome in 11% and 100%
of the years in temperate and Mediterranean forests, respectively.
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Positive impact of temperature around bud-burst date within temperate oak forests
In temperate region, we found that airborne pollen amount (Figure 3.Chap2a) and fruit pro-
duction (Figure 3.Chap2b) were both positively related, in a logistic way, to mean temperature
during the month after the bud-burst date (Figure 3.Chap2, Tables S7.Chap2, S8.Chap2 and
S9.Chap2). Whatever the level of fruiting intensity the previous year and the mean tempera-
tures during the month after the bud-burst date the current year, the fruiting intensity of year t
is very low in case of intense frost (-5°C) during the month before the bud-burst date of year
t (3.Chap2, Tables S7.Chap2, S8.Chap2). Such a veto effect of temperatures below -5°C is not
detected on airborne pollen amount (see Tables S7.Chap2 and S8.Chap2), but we found a simi-
lar veto effect on airborne pollen amount from the -3°C threshold the month before bud-burst
date by using all pollen-sampling sites in temperate region (GLMM results : Estimate=−0.19 ;
SE= 0.078 ; z= 2.48 ; p = 0.013).
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Figure 3.Chap2 – Impact of temperature around bud-burst date on pollen amount and frui-
ting intensity in temperate oak forests. (a) The annual amount of airborne pollen and (b) the
acorn production shows positive logistic relationship with the mean temperature the month af-
ter bud-burst date (i.e. at the time of pollen maturation, release and aerial diffusion) (Table
S9.Chap2). The mean (+-SE) pollen and acorn amounts shown were computed within groups
of ten consecutive site · year values once being ranked according to their April mean tempera-
ture (see Figure S8.Chap2 showing the same relationship with ungrouped data). Shaded areas
show the 95% conﬁdence interval of the model estimates. (c) Fruiting seems to be negatively
impacted by intense frost occurring during the month before bud-burst date. The vertical line
corresponds to the -5°C threshold value under which this environmental veto is detected causing
fruiting failure (see Tables S7.Chap2 and S8.Chap2 for results)
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Impact of a shift in the pollen phenology on the oak fruiting dynamics in temperate region
Our RBM simulations suggest that fruiting dynamics of temperate oak tree populations
would be sensitive to shifting pollen phenology (Figure 4.Chap2). The deterministic com-
ponent remained unchanged with high values irrespective of the phenology simulated (Figure
4.Chap2b) and only small variation of the CVps -that slightly diminished as phenology was
delayed- are expected (Figure 4.Chap2a). On the other hand, the stochastic component of mas-
ting should be very sensitive to changes in phenology (Figure 4.Chap2c). If phenology were la-
ter in temperate oaks, fruiting dynamics would remain highly ﬂuctuating (high CVp) but much
less stochastic and the mast-seeding years should become more predictable.
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Figure 4.Chap2 – Impact of a shift in pollen phenology on the fruiting dynamics of temperate
oak species. Here are shown the simulated cumulative frequency distribution of (a) the popula-
tion coefﬁcient of variation of fruiting (CVp), (b) the probability PL/M of having a lean-seeding
year (L) after a mast-seeding year (M), which describes the deterministic (or depletion) com-
ponent of masting, and (c) the probability PM¯/L of having anything but mast-seeding event the
year following a lean-seeding year which describes the stochastic component of masting. Com-
bining these 3 metrics, we explored the impact of four distinct pollen phenologies on the fruiting
dynamics. We compared the current phenology to three simulated ones (inferred from the em-
pirical negative relationship between the bud-burst date and mean March temperature) : the late
and very late pollen phenologies correspond to a 15-day (as the one observed for Mediterranean
oak species) and 30-day lag (as observed for beeches in some temperate forest communities) in
the bud-burst date, respectively. The early pollen phenology corresponds to a 15-day advance
in the bud-burst date. The polygons display the 95% credible interval (i.e. including 95% of the
simulations).
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Discussion
One main ﬁnding of this study is that temperate oak species have much earlier pollen phe-
nology (15-day difference) than the species living in Mediterranean regions. Combining earlier
phenology with harsher spring weather conditions, explain frequent reproductive failure in tem-
perate oaks forests. We propose that such advanced pollen phenology would confer trees with
a selective advantage by generating strong stochastic component in fruiting dynamics, which is
possibly decisive for effective control of seed consumer demography.
Previous studies have already suggested that pollen phenology may be linked to fruiting
intensity in masting species (Koenig et al., 2015 ; Pesendorfer et al., 2016 ; Bogdziewicz et al.,
2017a). This work suggests that high spring temperatures promote synchronization between
trees, by reducing the time interval for ﬂowering, thereby increasing pollination success which
in turn promotes mast-seeding years. By enhancing the release of pollen into the air, high spring
temperature may also increase the annual amount of airborne pollen that can be mobilized
for reproduction (Schermer et al., this study). Earlier work suggested that fruiting intensity of
temperate oaks would rely more on the annual amount of airborne pollen than on tree synchrony
(Schermer et al., 2019). In this study, we did not focus on phenological synchronization between
trees but on the variability of pollen phenology between species and populations and we explore
through modeling the impact of early or late pollen phenologies on oak masting.
As it seems to be the case for most plant species of the Northern hemisphere (Templ et al.,
2017), temperate oak species experience earlier pollen phenology with decreasing latitude (Fi-
gure S5.Chap2). This is quite surprising to ﬁnd earlier pollen release in temperate oak species
that are living in Northern latitudes as compared with Mediterranean oaks (Figure 1.Chap2a,
and Figure S4.Chap2). Such early spring pollen maturation seems at ﬁrst glance maladaptive
owing to the harshness of weather conditions mostly encountered at the time of pollen release
(around only 10% years only have mean temperature above 13°C the month following bud-
burst date (Figure 3.Chap2a)) and provided that male and female ﬂowers are exposed to intense
late frost (i.e. 5% of years with minimum temperature below -5°C during the month before the
bud-burst date) that may be detrimental to fruiting some years (Figure 3.Chap2c, García-Mozo
et al., 2001 ; Augspurger, 2009). The early pollen phenology in temperate oak species leading
to frequent, massive fruiting failure and might explain why the fruiting dynamics of some oak
species are very sensitive to spring weather conditions (Pearse et al., 2014 ; Koenig et al., 2015 ;
Bogdziewicz et al., 2017b ; Caignard et al., 2017 ; Nussbaumer et al., 2018 ; Schermer et al.,
2019). On the contrary, Mediterranean oak pollen, because of the warmer climate encounte-
red and their delayed pollen phenology, experience weather conditions most often favorable for
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their maturation, release and/or diffusion (Figure 2.Chap2a) with the ﬂowers almost never ex-
posed to late intense frost (Figure S9.Chap2). Late phenology would then explain why spring
weather conditions have never been found signiﬁcant on no or low effect on fruiting intensity
in the French Mediterranean oaks (Pérez-Ramos et al., 2010 ; Misson et al., 2011). The evolu-
tionary divergence in pollen phenology between oak species would then sustain the diversity of
their responses to spring weather conditions and explain why ﬁnding common determinants of
masting is so difﬁcult in the genus Quercus (Sork et al., 1993).
From an evolutionary perspective, pollen phenology could be seen as a key life history trait
that partly controls the degree of stochasticity in oak fruiting dynamics. The phenology of tem-
perate oaks could theoretically be later than it is : pollen maturation is indeed earlier than that
of Mediterranean oaks and their foliar phenology, concomitant to that of ﬂowers, is earlier than
that of maple and beech trees living in the same localities (with a 10- and 30-day advance on
average, respectively) at least on some lowland sites in temperate regions (south-west France,
Vitasse et al., 2009). Based on our RBM, we show that simulating realistic variations in oak
pollen phenology (in spring, compatible with the phenologies of other wind-pollinated forest
tree species) have only limited effect on the amplitude of crop size ﬂuctuations between the
years (CVp, Figure 4.Chap2a). On the opposite, simulating earlier pollen phenology strongly
increases the stochastic component of masting (Figure 4.Chap2c). Early phenology generates
conditions that are often unfavourable to reproduction and then leads to unpredictable interan-
nual fruiting dynamics. As proposed from theoretical work (Rees et al., 2002), disturbance in
fruiting dynamics is probably essential to efﬁciently control the seed consumer population de-
mography and maximize tree ﬁtness. Oak acorns are a pulsed resource for various consumers
and impact their population dynamics (insects : Venner et al., 2011 ; birds : McShea, 2000 ;
rodents : Wolff, 1996 ; ungulates : Gamelon et al., 2017). Among consumers, insects specia-
lized in this resource are probably the most problematic because (i) they are able to respond
demographically very quickly to the ﬂuctuations of the resource (Bogdziewicz et al., 2018), (ii)
acorn consumption by insects severely reduce seed germination success and seedling survival
(Andersson, 1992 ; Yi & Zhang, 2008 ; Muñoz et al., 2014 ; Leiva et al., 2018), and (iii) seve-
ral insect species commonly coexist on the same individual trees and display widely diverse
life history traits (Venner et al., 2011 ; Pélisson et al., 2012 ; Pélisson et al., 2013 ; Rey et al.,
2015) making it difﬁcult for the trees to control the dynamics of the whole community. Efﬁcient
control of such diversity of consumers is probably tightly linked to strong stochastic component
in the fruiting dynamics. In temperate regions, early phenology would play this pivotal role in
inducing weather conditions most often detrimental to reproduction and making mast-seeding
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years unpredictable for seed consumers.
Mediterranean oak species are also exposed to greatly diverse seed consumers whose control
is also expected to require stochastic fruiting dynamics. Yet, their late phenology promotes
weather conditions mainly favorable to pollination and ﬂower survival. The holm oak has a
very small proportion of its pollinated ﬂowers growing into acorns. The high abortion rate
observed in this Mediterranean species, and the stochastic component of masting, are likely to
be independent of pollination failure but rather related to severe drought in early summer (Pérez-
Ramos et al., 2015 for a review; Bogdziewicz et al., 2017b) and/or to heavy rain occurring later
in the season Pulido & Díaz, 2005 ; Espelta et al., 2008.
Our study, in line with previous work (Koenig et al., 2015 ; Bogdziewicz et al., 2017a),
underlines the need to elucidate the interdependence between fruiting strategies (i.e. the in-
terannual dynamics of fruiting, possibly masting) and the phenology of perennial plants. For
example, in oaks, ﬂower maturation is organically linked to leaf maturation, thus linking foliar
and pollen phenology (Koenig et al., 2012). The evolution of pollen phenology might thus be
a by-product of, and driven by foliar phenology that would be predominantly selected to maxi-
mize resource gain through photosynthesis ; in this sense, the early phenology of temperate oak
pollen (and the stochasticity induced in masting) would be an exaptation. Most likely, the phe-
nology of temperate oaks would result from a trade-off between the advantage of being early
to trigger stochastic fruiting dynamics and the advantage of being late to avoid exposing the
nascent leaves to late frost, but not too late to maximize the photosynthesis period.
More generally, integrative work on both phenology and masting is worth being developed
in comparative approaches of the dynamics of fruiting and phenology of pollen and leaves in
wind-pollinated perennial plant species. For example, in species with decoupled ﬂower and leaf
maturation, pollen phenology would be even earlier, and fruiting dynamics more stochastic,
than in other, more constrained species. From a more theoretical point of view, it seems neces-
sary to combine ecophysiological models focusing on plant phenology (Chuine & Beaubien,
2001) and mechanistic models exploring the fruiting dynamics and their evolutionary cause
(Rees et al., 2002 ; Tachiki & Iwasa, 2013). Coupling these approaches is all the more urgent
as plant phenology is likely to vary greatly with climate change in at least some species, which
could impact their fruiting dynamics, the success of regeneration and ultimately the assembly
of perennial plant species in forest ecosystems and the ecosystem services associated.
68
3. Conclusion
Par une approche empirique, j’ai montré dans ce chapitre 2 que sur la période temporelle
et sur les sites étudiés dans cette thèse, la phénologie pollinique des chênes en région tempérée
était plus précoce que celle des chênes en région Méditerranéenne (deux semaines de décalage
environ) à l’échelle de la France métropolitaine. J’ai montré également que la phénologie pol-
linique des chênes en région tempérée se déroule dans des conditions météorologiques souvent
défavorables à la diffusion du pollen, alors que chez les chênes en région Méditerranéenne, le
pollen est libéré dans des conditions météorologiques optimales à la pollinisation. En consé-
quence, chez les chênes de régions tempérées, la quantité aérienne de pollen est sensible aux
températures au moment de la diffusion du pollen contrairement aux chênes de région Méditer-
ranéenne. Cette phénologie pollinique précoce des chênes de régions tempérées rend la produc-
tion de fruits très sensible aux températures après le débourrement, c’est-à-dire au moment de
l’émission et de la diffusion du pollen, mais aussi aux gels intenses le mois qui précède la date
de débourrement, ce qui conduit à de fréquents échecs de la fructiﬁcation. Par une approche
théorique, j’ai pu montrer qu’une phénologie pollinique plus tardive diminue la stochasticité
de la dynamique de fructiﬁcation des chênes de régions tempérées. L’ensemble des résultats de
ce chapitre 2 suggère que la phénologie pollinique pourrait être un trait d’histoire de vie qui
déterminerait en partie le degré de stochasticité de la dynamique de fructiﬁcation des chênes de
régions tempérées.
4. Exemples de dynamiques de fructiﬁcation
Dans cette section, j’ai mis une ﬁgure qui fait partie des « Supporting Information » de
l’article (cf. Annexes du chapitre 2) mais qui est cependant utile à la compréhension de ce
chapitre 2.
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Chapitre 3 : Le masting des chênes de ré-
gions tempérées pourrait devenir plus dé-
terministe avec le réchauffement climatique.
Dans le chapitre 2, nous avons décrit le masting à l’aide de deux composantes complémen-
taires : (i) la composante déterministe qui décrit l’occurrence systématique d’une faible fructi-
ﬁcation après une forte fructiﬁcation, et (ii) la composante stochastique qui décrit le caractère
imprévisible des glandées massives. Alors que la composante de déplétion résulterait essentiel-
lement des stratégies d’allocation des ressources internes des arbres, nous avons montré dans
le chapitre 2 que la composante stochastique est, elle, sensible aux conditions météorologiques
autour de la date de débourrement, ce qui devrait conférer au masting des chênes de régions
tempérées une forte sensibilité au réchauffement climatique en cours.
A notre connaissance, que ce soit chez les chênes de régions tempérées, ou chez d’autres es-
pèces, aucune étude n’a prédit le devenir du masting en utilisant les projections climatiques ac-
tuellement disponibles. Jusqu’à présent, les inférences sur le devenir du masting dans le contexte
du changement climatique reposent uniquement sur l’analyse de données météorologiques et de
fructiﬁcations passées (Mutke et al., 2005 ; Richardson et al., 2005 ; Pérez-Ramos et al., 2010 ;
Sánchez-Humanes & Espelta, 2011 ; Redmond et al., 2012 ; Kelly et al., 2013 ; Allen et al.,
2014 ; Buechling et al., 2016 ; Pearse et al., 2017). Par exemple, l’approche corrélative de Cai-
gnard et al., 2017 a permis de montrer que l’augmentation des températures printanières au
cours des dernières décennies a été favorable à la production de fruits, ce qui suggère que le
changement climatique serait plutôt favorable à la reproduction des chênes de régions tempé-
rées.
Ici, nous proposons donc pour la première fois des prédictions sur le devenir du masting
chez les chênes de régions tempérées compte tenu du réchauffement climatique en cours. De
manière préliminaire, nous avons simulé des dynamiques de fructiﬁcation à partir du modèle
mécaniste décrit dans le chapitre 2 en utilisant les projections climatiques actuellement dis-
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ponibles sur le site de Châteauvillain Arc-en-Barrois en France (Longitude : 4.93 ; Latitude :
48.05) (Figure 3.Chap3). Ce site est au cœur d’une autre étude conduite en parallèle, à laquelle
je participe, et qui étudie l’impact de l’augmentation de la fréquence des glandées massives sur
la dynamique des populations de sangliers (Touzot et al. en préparation). L’étude préliminaire
présentée dans ce chapitre 3 sous format libre sera suivie à court terme d’une étude multi-sites
à plus large échelle spatiale des dynamiques de fructiﬁcation prédites par notre modèle sur la
base des projections climatiques disponibles.
Matériels et méthodes
Modèles de projections climatiques
Les données climatiques utilisées dans cette étude ont été produites dans le cadre de l’initia-
tive EURO-CORDEX (Kotlarski et al., 2014). L’initiative CORDEX a été lancée pour produire
des projections climatiques à l’échelle régionale. Les simulations faites dans ce cadre résultent
donc d’une réduction d’échelle des simulations climatiques globales du « Coupled Model Inter-
comparison Project Phase 5 » (CMIP5) qui sont basées sur des scénarios d’émissions de gaz à
effet de serre, par le couplage des modèles climatiques globaux (GCMs) avec des modèles cli-
matiques régionaux (RCM). Une résolution de 50-km a été utilisée pour la sélection des RCM
(i.e. RCA4, REMO2009 simulations 1 et 2) et qui a été ensuite réajustée à une résolution de
8-km. Basé sur McSweeney et al., 2015, nous avons utilisés les GCMs (i.e. CNRM-CERFACS-
CNRM-CM5, MOHC-HadGEM2-ES and MPI-M-MPI-ESM-LR) précédemment validés sur
l’ensemble de l’Europe. Nous avons donc obtenu 5 couples RCM-GCM, pour lesquels deux
scénarios contrastés de trajectoire de forçage radiatif étaient disponibles (c’est-à-dire rcp4.5 et
rcp8.5). Le forçage radiatif, appliqué au réchauffement climatique, permet de mesurer entre
autres la contribution d’un gaz à effet de serre au réchauffement climatique. Développés pour
le dernier rapport d’évaluation du GIEC, les projections « rcp45 » correspondent à une sta-
bilisation du forçage radiatif à 4,5 W.m−2 après le XXIe siècle, tandis que le forçage radiatif
augmente jusqu’à 8,5 W.m−2 dans les projections « rcp85 ». Aﬁn de tenir compte du biais lié à
la réduction d’échelle, des corrections de biais ont été effectuées à l’aide de méthodes normali-
sées (i.e. que les températures simulées ont été corrigées en fonction d’un biais moyen, tandis
que les précipitations simulées ont été corrigées au moyen de la cartographie des quantiles ; voir
Cáceres et al., 2018 pour la méthode de création des données).
Dans cette étude, 5 modèles de projections climatiques ont été utilisés (CNRM_RCA4;
HadGem_RCA4; MPI_ESM_RCA4; MPI_ESM_Remo2009_r1 et MPI_ESM_Remo2009_r2 ;
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voir Fargeon et al., revision in progress pour la génération des données) et fournissent des
données météorologiques quotidiennes (températures minimales et moyennes) entre 1961 et
2015 nommé ci-après « Passé » et entre 2016 et 2100 nommé ci-après « Futur ». Pour le scénario
« Futur », 2 projections « rcp45 » et « rcp85 » ont été faites pour chacun des 5 modèles de
projections climatiques.
Variables météorologiques utilisées dans le modèle mécaniste
À partir des données météorologiques quotidiennes de températures minimales et moyennes
des scénarios « Passé » et « Futur » issus des modèles de projections climatiques, les variables
météorologiques ont été calculées chaque année de la même manière que dans le chapitre 2.
Ainsi, la température moyenne de mars a été calculée chaque année et a permis d’estimer la
date de débourrement à partir de la relation positive établie dans le chapitre 2 entre la date de
débourrement des chênes en régions tempérées et la température moyenne de mars. Ensuite,
relativement à la date de débourrement, la température moyenne durant le mois qui suit la date
de débourrement et la température minimale durant le mois qui précède la date de débourrement
ont été calculés chaque année pour tenir compte à la fois de l’impact positif des températures
moyennes au moment de l’émission et la diffusion du pollen, et de l’impact négatif de l’occur-
rence des gels intenses le mois qui précède le débourrement, respectivement, sur le succès de
fructiﬁcation.
Analyse des dynamiques inter-annuelles de fructiﬁcation simulées à partir du modèle mé-
caniste
À partir des dynamiques inter-annuelles de fructiﬁcation simulées à partir du modèle mé-
caniste décrit dans le chapitre 2, le coefﬁcient de variation populationnel (CVp) classiquement
utilisé pour décrire le masting, et les composantes déterministes et stochastiques proposées dans
le chapitre 2, ont été calculés pour chaque scénario « Passé » et « Futur ». Pour chacune des 10
projections climatiques, 100 simulations ont été effectuées.
Résultats
Quelque soit la projection climatique, les dates de débourrement prédites seraient plus pré-
coces que celles observées actuellement (Figure 1.Chap3a). Les températures minimales durant
le mois qui précède la date de débourrement seraient globalement toutes supérieures à la va-
leur seuil de -5°C en dessous de laquelle le veto environnemental survient (Figure 1.Chap3b,
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cf chapitre 2). Les températures moyennes durant le mois qui suit la date de débourrement de-
viendraient légèrement plus élevées que ce qui est rencontré actuellement en régions tempérées
(Figure 1.Chap3c). Le CVp diminuerait légèrement (Figure 1.Chap3d), ainsi que la composante
stochastique (Figure 1.Chap3e). En revanche, la composante de déplétion resterait très élevée
et inchangée (Figure 1.Chap3f). Ces tendances sont maintenues lorsqu’on prend un exemple au
hasard de dynamique de fructiﬁcation simulées par notre modèle (Figure 2.Chap3).
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Discussion et perspectives
Pour la première fois dans la littérature traitant du masting, nous avons proposé une prédic-
tion du devenir du masting des chênes de régions tempérées dans le contexte du changement cli-
matique. Nos résultats préliminaires sur le site de Châteauvillain Arc-en-Barrois suggèrent que
le changement de phénologie vers une phénologie précoce permettrait, malgré le réchauffement
climatique, de conserver des conditions météorologiques autour du débourrement similaires à
celles rencontrées actuellement. En conséquence, selon notre prédiction, le masting semble être
faiblement impacté par le réchauffement climatique.
Cependant, dans cette étude préliminaire, un seul scénario a été envisagé sur l’impact de
la phénologie pollinique, c’est celui d’une plus grande précocité de la levée de dormance avec
l’augmentation des températures moyennes de mars. Or, il semble que des hivers doux dans le
sud peut conduire à inverser la tendance et à avoir une levée de dormance plus tardive (Duputié
et al., 2015). Ici, en considérant que la phénologie pollinique deviendrait plus précoce pour les
chênes de régions tempérées compte tenue de l’augmentation des températures moyennes de
mars avec le réchauffement climatique, nos résultats montrent que les modiﬁcations de tempé-
ratures au moment de la phénologie pollinique seraient relativement ténues comparées à celles
actuelles, alors qu’elles seraient probablement beaucoup plus importantes si la phénologie pol-
linique devenait plus tardive ou restait inchangée, et pourraient donc conduire à renforcer la
légère diminution de la composante stochastique observée ici. En conséquence, le masting pour-
rait théoriquement devenir plus déterministe dans les décennies à venir, mais tout dépendra du
devenir de la phénologie pollinique dans le contexte du changement climatique.
En plus d’une modiﬁcation de la phénologie pollinique (Chuine et al., 2016), le réchauf-
fement climatique pourrait avoir théoriquement d’autres effets que ceux modélisés dans cette
étude. Par exemple, chez les chênes de région Méditerranéenne, le stress hydrique estival au
moment de la maturation des fruits est bien connu pour impacter le succès de fructiﬁcation
(Pérez-Ramos et al., 2010). Chez les chênes de régions tempérées, en plus des conditions mé-
téorologiques printanières autour de la date de débourrement, d’autres périodes temporelles
pourraient être fortement affectées et impacter en conséquence d’autres étapes clés du cycle de
reproduction des chênes de région que l’étape de pollinisation sur laquelle nous nous sommes
focalisés ici.
Enﬁn, dans cette étude, les projections climatiques ont été effectuées sur un seul site en
France. A court terme, j’envisage de faire des prédictions sur 38 sites répartis sur l’ensemble
de la France, localisés en plaine et dans lesquels les chênes de régions tempérées sont présents
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à plus de 50 % (Figure 3.Chap3). Cette démarche permettrait de tester l’hétérogénéité spatiale
de l’impact du changement climatique sur la dynamique de fructiﬁcation des chênes de régions
tempérées. Par exemple, de mémoire de forestiers, il semble que les glandées massives seraient
plus rares à l’est qu’à l’ouest à cause des gels tardifs qui seraient plus fréquents à l’est qu’à
l’ouest. Compte tenu du réchauffement climatique, il peut être intéressant de voir si les dyna-
miques de fructiﬁcations pourraient avoir tendance à s’homogénéiser à l’échelle de la France
ou si une hétérogénéité spatiale sera conservée.
Figure 3.Chap3 – Distribution des sites sur lesquels des prédictions sur le devenir du masting
dans le contexte du changement climatique sont envisagées. Le site sur lequel des prédictions
préliminaires ont été proposées dans ce chapitre 3 est en bleu. Les sites sélectionnés pour les
prédictions envisagées sont en vert et sont situés en plaine (<300 m) dans une localité où au
moins 50 % du couvert forestier est représenté par des chênes de régions tempérées (Quercus
petraea et Q. robur).
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Discussion générale
L’objectif principal de cette thèse était de tester l’importance du processus de pollinisation
combinée à la limitation en pollen densité-dépendante dans le masting des chênes de régions
tempérées. Pour cela j’ai combiné une approche d’analyse empirique et une approche théo-
rique via l’utilisation d’un modèle mécaniste individu-centré. L’approche empirique a consisté
principalement à mettre en évidence des corrélations entre les conditions météorologiques et
la quantité aérienne de pollen disponible pour la reproduction et/ou la production de fruits
à l’échelle de la population, avec une approche multi-sites à large échelle spatio-temporelle.
L’approche de modélisation a consisté à implémenter dans le modèle mécaniste les processus
biologiques décrits par l’approche empirique. L’avantage de l’approche théorique par la modé-
lisation, en comparaison à l’approche d’analyse purement statistique, est double. Il réside dans
la possibilité de comparer les sorties des modèles avec les patrons observés pour être en mesure
de valider ou d’invalider l’importance des processus biologiques implémentés dans le modèle,
et/ou de faire des prédictions.
Par cette approche d’analyse, nous avons validé l’importance de la limitation en pollen dans
le masting des chênes de régions tempérées (Quercus petraea et Q. robur). Nous avons en effet
montré, dans le chapitre 1 de cette thèse, que seul le modèle qui tient compte de la limitation en
pollen, due à la fois aux stratégies d’allocation des ressources des arbres dans la production de
pollen et des conditions météorologiques printanières au moment de l’émission et de la diffusion
du pollen, permettait de générer des ﬂuctuations inter-annuelles de fructiﬁcation similaires à
celles observées sur nos sites d’étude. Dans le chapitre 2, nous avons montré l’importance de
la phénologie pollinique dans la composante stochastique du masting des chênes de régions
tempérées. Le succès de fructiﬁcation est en effet très sensible aux gels intenses pendant le
mois qui précède la date de débourrement et aux températures moyennes le mois qui suit la
date de débourrement. Enﬁn, dans le chapitre 3, nous avons montré que, dans le contexte du
réchauffement climatique, le masting des chênes de régions tempérées pourrait devenir plus
déterministe, avec des fructiﬁcations massives qui seraient donc moins imprévisibles.
Je propose ici de discuter des implications écologiques et évolutives des résultats de cette
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thèse à la lumière des connaissances disponibles dans la littérature traitant du masting.
1. Allocation des ressources dans la ﬂoraison à l’échelle de
l’individu-arbre : ﬂuctuante vs constante?
D’après les articles qui étudient le masting, les espèces peuvent être distribuées selon un
continuum entre deux catégories nommées « ﬂower masting » et « fruit maturation masting »
sensu Pearse et al., 2016, selon que l’intensité de la ﬂoraison et de la fructiﬁcation sont couplées
ou découplées. Dans le cas des espèces dites « ﬂower masting », les variations de la production
de fruits s’expliqueraient principalement par les variations de la production de ﬂeurs. Chez ces
espèces, le succès de fructiﬁcation dépendrait donc essentiellement des ressources allouées à la
production de ﬂeurs, déterminées en partie par les conditions environnementales au moment de
l’initiation ﬂorale. Dans le cas des espèces dites « fruit maturation masting », les variations de la
production de fruits s’expliqueraient principalement par le succès de fructiﬁcation, c’est-à-dire
la probabilité pour une ﬂeur femelle de se transformer en un fruit mature. Ainsi, à production
de ﬂeurs femelles égale, le succès de fructiﬁcation d’un arbre une année donnée pourrait varier
fortement en fonction du succès de pollinisation et du taux d’avortement des ﬂeurs fertilisées de
la même année. Généralement, les chênes (Quercus spp.) sont considérés comme faisant partie
des espèces dites « fruit maturation masting ». Les résultats de cette thèse suggèrent cependant
que les chênes de régions tempérées pourraient théoriquement appartenir aux deux catégories.
En effet, selon les résultats issus de notre RBM, les ﬂuctuations de fructiﬁcation s’explique-
raient en partie par les conditions météorologiques printanières au moment de l’émission et de
la diffusion du pollen qui impactent le succès de pollinisation et donc de fructiﬁcation (« fruit
maturation masting »), et en partie par les ﬂuctuations inter-annuelles de la quantité de res-
sources allouées dans la ﬂoraison à parts égales entre la production de pollen et la production
de ﬂeurs femelles pour chaque individu-arbre (« ﬂower masting »).
Notre RBM repose cependant sur deux hypothèses fortes. L’une propose que la ﬂoraison
mâle et femelle soient couplées bien que le chêne soit une espèce monoïque (i.e. possède des
ﬂeurs mâles et femelles en des endroits différents d’un même pied) et qu’une asymétrie entre
l’effort de ﬂoraison mâle et femelle soit donc biologiquement possible. Cette hypothèse est
toutefois raisonnable selon Norton & Kelly, 1988 qui prédisent que les plantes devraient être
sélectionnées pour produire plus de ﬂeurs mâles lorsqu’il y a plus de ﬂeurs femelles et vice
versa. Cependant, seules des approches expérimentales permettront de valider ou d’invalider
cette hypothèse. L’autre hypothèse qui structure notre RBM est celle dite de l’épuisement des
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réserves selon laquelle une fructiﬁcation massive cause un épuisement des réserves de l’arbre
l’empêchant d’allouer à nouveau une forte quantité de ressources dans la ﬂoraison l’année sui-
vante. Contester cette hypothèse est légitime puisque l’initiation ﬂorale de l’année t a lieu en
même temps que l’allocation des ressources dans la fructiﬁcation de l’année t−1. L’allocation
des ressources dans la ﬂoraison pour un arbre donné semble donc être indépendante du niveau
de production de fruits de l’arbre. Bien que cette hypothèse soit soutenue par nos résultats qui
montrent que les ﬂuctuations de la quantité de pollen disponible pour la reproduction générées
par notre RBM sont similaires à celles observées sur nos sites d’étude, seules des approches
expérimentales complémentaires permettront de valider ou d’invalider cette hypothèse.
Une première piste possible pour examiner l’hypothèse de l’épuisement des réserves pour-
rait consister à analyser des variations inter-annuelles de l’effort dans la ﬂoraison femelle à
l’échelle de l’individu-arbre qui devrait permettre d’avoir une idée plus précise sur les straté-
gies individuelles d’allocation des ressources dans la ﬂoraison femelle. Une telle analyse va être
rendue possible à court terme grâce à un réseau de 15 sites répartis sur toute la France métro-
politaine qui a été mis en place en 2012 par l’équipe dans laquelle j’ai effectué mon doctorat, et
qui permet de suivre sur plusieurs années consécutives la ﬂoraison femelle, la fructiﬁcation et la
croissance de 150 chênes. Si l’allocation des ressources dans la ﬂoraison femelle à l’échelle de
l’individu-arbre est constante, alors l’hypothèse de l’épuisement des réserves pourra être remise
en question. En revanche, si l’allocation des ressources dans la ﬂoraison femelle individuelle est
ﬂuctuante, alors deux cas peuvent se présenter : (i) l’analyse via une approche corrélative montre
qu’une faible production de ﬂeurs femelles suit systématiquement une fructiﬁcation massive, ce
qui sera en faveur d’un épuisement des réserves ; (ii) la même analyse montre que la production
de ﬂeurs de l’année t ne dépend pas de la production de fruit de l’année t−1, ce qui remettra en
question cette hypothèse, notamment si d’autres liens robustes sont trouvés entre la production
de ﬂeurs de l’année t et celle de l’année t−1 et/ou les conditions météorologiques estivales au
moment de l’initiation ﬂorale par exemple.
2. Succès de fructiﬁcation : importance de la quantité de pollen
et/ou de la durée de l’émission pollinique?
Sur la base d’un résultat empirique chez le chêne qui montre que les arbres qui ﬂeurissent
de manière synchronisée avec les autres arbres de la population produisent plus de fruits que les
individus-arbres désynchronisés (Koenig et al., 2012), l’hypothèse dite de la « synchronisation
phénologique » a été proposée quelques années plus tard par Koenig et al., 2015. Selon cette hy-
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pothèse, les conditions météorologiques printanières inﬂuenceraient le degré de synchronisation
de la ﬂoraison, qui déterminerait la quantité de pollen disponible pour la reproduction et donc
le succès de pollinisation et de fructiﬁcation (Figure 4.Chap3). Un printemps froid et humide
serait associé à des conditions microclimatiques spatialement hétérogènes qui conduiraient les
individus-arbres à ﬂeurir de manière asynchrone et étalée dans le temps. Un tel étalement de
l’émission pollinique conduirait à une faible quantité de pollen disponible pour la reproduction
et donc à un faible succès de la pollinisation et de fructiﬁcation (Figure 4.Chap3, partie gauche).
A l’inverse, un printemps chaud et sec serait associé à des conditions microclimatiques spatia-
lement homogènes qui favoriseraient une ﬂoraison synchrone des individus-arbres de la popu-
lation, et donc l’émission d’une forte quantité de pollen durant une courte fenêtre temporelle.
Une telle diversité pollinique présente au même moment engendrerait une forte compétition
pollinique qui serait ici favorable au succès de pollinisation, et donc à une forte production de
fruits (Figure 4.Chap3, partie droite).
Les résultats du chapitre 1 de cette thèse invalident cette hypothèse car ils permettent de
trancher clairement en faveur de l’importance de la quantité de pollen, et non de la durée de
l’émission pollinique, dans le succès de fructiﬁcation. En effet, nous avons montré qu’un prin-
temps chaud et sec était favorable à la fois à la quantité de pollen et au succès de fructiﬁcation.
En revanche, les conditions météorologiques qui sont corrélées à la durée de l’émission polli-
nique sont non seulement différentes de celles corrélées à la quantité de pollen, mais en plus
ne sont pas corrélées à la production de fruits. En outre, nous avons montré que la quantité
annuelle de pollen et l’étalement de l’émission pollinique n’étaient pas corrélés, ce qui suggère
donc que ces deux variables sont indépendantes contrairement à la proposition de l’hypothèse
de la « synchronisation phénologique ».
Bien que notre analyse soit robuste, elle a nécessité deux analyses indépendantes à cause
d’un chevauchement temporel et spatial très partiel des données polliniques et de fructiﬁcations
qui n’a pas permis de croiser directement la quantité de pollen avec la production de fruits.
L’une a permis de tester la sensibilité de la quantité aérienne de pollen et/ou de la durée de
l’émission pollinique aux conditions météorologiques en croisant notre jeu de données polli-
niques avec notre jeu de données météorologiques. L’autre a permis de tester la sensibilité de
la fructiﬁcation aux conditions météorologiques qui impacteraient chacune des deux variables
polliniques en croisant notre jeu de données de fructiﬁcations, indépendant de notre jeu de don-
nées polliniques, avec notre jeu de données météorologiques. Le développement d’une méthode
de quantiﬁcation de glandées à la fois robuste et légère comme celle décrite dans Touzot et al.,
2018 (cf Annexe 4) devrait permettre désormais de déployer plus facilement des suivis multi-
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Figure 4.Chap3 – Illustration de l’hypothèse dite de la « synchronisation phénologique » adap-
tée de Koenig et al., 2015.
sites à large échelle spatiale de la production de fruits à proximité des sites où la quantité de
pollen est enregistrée. Pour les suivis de la production de fruits déjà initiés, le développement de
méthodes d’estimation ﬁable des quantités de pollen sur un site donné à partir des informations
collectées dans un rayon donné autour de ce site seraient d’une grande utilité pour croiser direc-
tement la fructiﬁcation avec la quantité de pollen estimée en utilisant une approche corrélative,
et donc de réunir d’autres arguments en faveur de l’importance de la quantité de pollen dans la
fructiﬁcation.
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3. Le masting résulte-t-il de stratégies individuelles optimales
pour la reproduction?
L’intensité du masting a été classiquement décrite à partir du calcul du coefﬁcient de va-
riation populationnel (CVp) (Herrera et al., 1998 ; Kelly & Sork, 2002 ; Buonaccorsi et al.,
2003), et les espèces chez qui le masting a été observé ont pu être réparties selon un gradient
continu de valeurs de CVp. Selon Crone et al., 2011, ce gradient s’expliquerait par la diversité
des consommateurs de fruits et de leurs stratégies dans l’exploitation de la ressource pulsée que
constitue la production de fruits de ces espèces. Dans le cas des chênes, le gland constitue une
ressource alimentaire pour de nombreux vertébrés (Yang et al., 2010), tels que les oiseaux (Mc-
Shea, 2000), les rongeurs (Bergeron et al., 2011), et les ongulés (Gamelon et al., 2017), mais
aussi un site de ponte pour lequel de nombreux insectes tels que les charançons sont en com-
pétition (Venner et al., 2011). Donc selon la suggestion de Crone et al., 2011, le CVp chez le
chêne devrait être élevé car il doit faire face à une grande diversité d’espèces qui exploitent ses
fruits. Les résultats de cette thèse vont dans ce sens, et sont conformes à ce qui est généralement
décrit chez le chêne, car nous avons trouvé une valeur de CVp élevée sur nos sites d’études,
et qui se situe autour de 1.5 en moyenne. Les résultats de cette thèse soulignent cependant que
le CVp ne permet pas de capturer la composante stochastique du masting (i.e. imprévisibilité
dans l’occurrence des glandées massives) qui est pourtant probablement indispensable dans le
mécanisme de satiation des consommateurs (Rees et al., 2002).
Selon l’hypothèse dite de satiation des consommateurs, le masting serait la résultante des
stratégies individuelles de reproduction permettant aux individus-plantes de maximiser leur suc-
cès reproducteur en maintenant à une faible densité les consommateurs de fruits. Alors que la
composante de déplétion (i.e. les faibles fructiﬁcations qui suivent systématiquement une glan-
dée massive) permet probablement de réduire drastiquement la densité de population d’un grand
nombre de consommateurs de fruits à court terme, la composante stochastique est probablement
cruciale pour empêcher à long terme les consommateurs de fruits de parvenir à synchroniser
leurs propres dynamiques sur la dynamique de cette ressource ﬂuctuante, et en particulier les
insectes qui ont des stratégies de dormance variées (Venner et al., 2011 ; Pélisson et al., 2012 ;
Pélisson et al., 2013) et sur qui l’effet de la composante de déplétion est insufﬁsant. En pro-
posant une métrique qui permet de décrire la composante de déplétion et la composante sto-
chastique du masting, cette thèse fournit les outils pour être en mesure de tester l’importance
de la stochasticité des dynamiques de fructiﬁcation pour contrôler efﬁcacement la densité de
population des consommateurs de fruits.
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Bien que chez le chêne, cette hypothèse soit soutenue empiriquement par des études qui
montrent que le taux de survie des glands tombés au sol augmente lorsque la glandée est mas-
sive à l’échelle de la population (Negi et al., 1996), elle n’a jamais été examinée théoriquement.
Même si notre modèle ne permet pas en l’état de tester cette hypothèse car il n’intègre pas les
consommateurs de fruits, il constitue une base solide pour étudier les conséquences du mas-
ting sur la démographie des consommateurs de fruits. En effet, en utilisant les dynamiques de
fructiﬁcation simulées par ce modèle, on devrait être en mesure de vériﬁer dans un premier
temps par exemple que le masting permet de contrôler numériquement la démographie de dif-
férentes espèces d’insectes, et ainsi tester théoriquement l’efﬁcacité du mécanisme de satiation
des consommateurs de fruits.
4. Conclusion
Les résultats obtenus au cours de cette thèse sont en faveur d’un rôle central de la polli-
nisation dans le masting des chênes de régions tempérées. Nos résultats suggèrent que la sen-
sibilité du processus de pollinisation aux conditions météorologiques confère au masting une
forte sensibilité au changement climatique, et que le degré de sensibilité dépendra fortement du
devenir de la phénologie pollinique des chênes de régions tempérées dans le contexte actuel du
changement climatique. Cette thèse souligne donc le besoin de mieux comprendre les détermi-
nants météorologiques de la phénologie pollinique des chênes pour être en mesure de prédire
le devenir du masting et d’anticiper ses conséquences sur la démographie des populations de
consommateurs et sur la régénération des forêts à long terme.
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abstract: Masting, a breeding strategy common in perennial plants,
is deﬁned by seed production that is highly variable over years and
synchronized at the population level. Resource budget models (RBMs)
proposed that masting relies on two processes: (i) the depletion of plant
reserves following high fruiting levels, which leads to marked temporal
ﬂuctuations in fruiting; and (ii) outcross pollination that synchronizes
seed crops among neighboring trees. We revisited the RBM approach
to examine the extent to whichmasting could be impacted by the degree
of pollination efﬁciency, by taking into account various logistic relation-
ships between pollination success and pollen availability. To link mast-
ing to other reproductive traits, we split the reserve depletion coefﬁcient
into three biological parameters related to resource allocation strategies
for ﬂowering and fruiting. While outcross pollination is considered to
be the key mechanism that synchronizes fruiting in RBMs, our model
counterintuitively showed that intense masting should arise under low-
efﬁciency pollination. When pollination is very efﬁcient, medium-level
mastingmay occur, provided that the costs of female ﬂowering (relative
to pollen production) and of fruiting (maximum fruit set and fruit size)
are both very high. Our work highlights the powerful framework of
RBMs, which include explicit biological parameters, to link fruiting dy-
namics to various reproductive traits and to provide new insights into
the reproductive strategies of perennial plants.
Keywords: masting, resource budget model, fruit set, fruit size, sex
allocation, pollination efﬁciency.
Introduction
Masting—or mast seeding—is a reproductive strategy char-
acterized by seed production that varies considerably
from year to year yet is synchronized at the population
level (Janzen 1976; Silvertown 1980; Kelly 1994). Masting
has been reported in diverse perennial plants and is con-
sidered to evolve in various ecological contexts (Herrera
et al. 1998; Kelly and Sork 2002; Koenig et al. 2003). Seeds
produced by masting are a pulsed resource and, as such,
are likely to greatly inﬂuence the demography and evolu-
tion of seed consumer populations and, in turn, the dy-
namics of the entire community (Ostfeld and Keesing
2000; Yang et al. 2010). One well-accepted selective advan-
tage of masting is to lower the risk of seed predation: while
most years of poor seed production keep consumer popu-
lations at a low level, uncommon, unpredictable mast years
satiate consumers, thereby ensuring a large proportion of
seeds escape from predation (Janzen 1971; Silvertown 1980;
Kelly and Sork 2002). As another evolutionary issue of mast-
ing, the pollination efﬁciency hypothesis states that occa-
sional high reproductive effort is concomitant with large pol-
len production, which increases pollination success (Smith
et al. 1990; Kelly et al. 2001; Koenig and Ashley 2003; Pearse
et al. 2014; Koenig et al. 2015).
While the evolutionary issue of masting and its impact
on community dynamics are well documented, the proxi-
mate mechanisms governing masting are still much debated
(Kelly and Sork 2002; Crone et al. 2009; Crone and Rapp
2014). A ﬁrst set of hypotheses, reported in many studies,
assumes that individual plants breed synchronously because
they experience homogeneous climatic conditions and pro-
duce similar amounts of ﬂowers and seeds in response (In-
ouye et al. 2002; Schauber et al. 2002; Kelly et al. 2013; see
Kelly and Sork 2002 for a review). On the other hand, stud-
ies based on resource budget models (RBMs) propose an al-
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ternative to the explanation that masting is due to the effects
of weather cues alone. Two factors are combined: (i) the in-
trinsic resource dynamics of the tree, that is, the way re-
sources are allocated toward either storage or ﬂowering and
then fruiting; and (ii) the outcross pollination process that
synchronizes fruiting among trees (see details below; Isagi
et al. 1997; Satake and Iwasa 2000, 2002a; Crone and Rapp
2014).
RBMs make four statements: (i) Each year, an individ-
ual tree (or perennial plant) accumulates and stores energy
or resources from photosynthesis or essential nutrient up-
take from the soil. (ii) The tree does not reproduce unless
it accumulates enough reserves. Once its reserves exceed a
given threshold, the tree allocates all its excess reserves to
ﬂowers. (iii) Female ﬂowers are fertilized by outcross pol-
len, with a success rate that is positively related to the
amount of pollen produced by the neighboring trees (out-
cross pollination). (iv) Pollinated ﬂowers then develop into
mature fruits and incur resource depletion whose severity
is governed by the resource depletion coefﬁcient (DC), that
is, the fruiting-to-ﬂowering cost ratio (called k in Satake and
Iwasa [2000], [2002a], [2002b] and Rc in Isagi et al. [1997]).
RBMs can produce some outputs similar to real masting
data sets (Isagi et al. 1997; Satake and Iwasa 2000, 2002a,
2002b; Crone and Rapp 2014). In RBMs, fruiting ﬂuctuates
from one year to the next when the tree produces costly seed
crops (with high DC values) that subsequently severely de-
plete resource reserves (Isagi et al. 1997). The outcross polli-
nation, combined with pollen limitation, is considered to be
one major force governing fruiting synchrony among trees.
The few trees that may breed asynchronously and invest
heavily into ﬂowering while outcross pollen is rare are likely
to have their ﬂowers mostly unpollinated. Subsequent to
fruiting failure, they may save resources, which may be in-
vested in ﬂowering the following year, possibly reaching
synchrony with the other trees of the population (Satake
and Iwasa 2000). Further theoretical investigations show
that the synchrony level among trees is positively related
to the spatial scale of pollen dispersal and may be strength-
ened by the Moran effect (i.e., environmental forcing; Rees
et al. 2002; Satake and Iwasa 2002b).
Besides these investigations, we revisited RBMs to better
understand how masting patterns articulate with other key
reproductive characteristics of trees associated with polli-
nation efﬁciency and resource allocation toward ﬂowering
and fruiting. In this perspective, we reconsidered the two
key ingredients in RBMs, resource depletion and outcross
pollination, which govern fruiting ﬂuctuation at the tree
level and fruiting synchrony among trees, respectively.
First, we modeled the outcross pollination process as a
logistic function by determining, for a given individual
tree, the probability for a female ﬂower to develop into a
mature fruit (fruit set) based on the amount of outcross
pollen available. Previously, only power functions had been
used to calculate this probability, even though such func-
tions require the relationship between pollen availability
and fruit set to be either strictly convex or strictly concave,
depending on the power value (see ﬁg. 1A). We hypothe-
sized that a logistic relationship would better reﬂect reality
because it would simultaneously capture both pollen dilu-
tion when pollen is sparse (associated with a convex in-
crease in pollination success for power functions) and pol-
len saturation when pollen is abundant (a concave increase;
see ﬁg. 2A). In addition, pollination efﬁciency may also
strongly impact tree resource dynamics and synchrony
level and, hence, masting. Pollination efﬁciency may vary
considerably depending on the mechanisms involved in
gamete encounters (e.g., airborne vs. insect pollination;
Regal 1982; Ackerman 2000) and on environmental fea-
tures (such as tree density, landscape fragmentation, plant
species assemblages in the community, or pollinator den-
sity; Allison 1990; Kunin 1997; Aguilar et al. 2006; Vamosi
et al. 2006; Pellegrino et al. 2015). These mechanisms can be
reﬂected through variable parameter values in a logistic
function. Highly efﬁcient pollination (ﬁg. 2A, ﬁlled circles)
is characterized by a quick, sharp increase in pollination
success from very low amounts of outcross pollen in the en-
vironment. One notable example of this occurs for insect-
pollinated plants when pollinators are abundant and read-
ily and massively recruited as soon as the food resource
(pollen) is detected (Rathcke 1983; Hegland 2014). By con-
trast, inefﬁcient pollination creates strong inertia in the pol-
lination success rate as long as small amounts of pollen
are available (ﬁg. 2A, open circles). Under limited pollen
availability, a strong dilution effect means that very small
amounts of pollen are trapped per female ﬂower, thus lead-
ing to low fertilization success (Marshall and Folsom 1991;
Wilcock and Neiland 2002; Aizen and Harder 2007; Eckert
et al. 2010).
Second, we split the depletion coefﬁcient into three bi-
ological components to explicitly link fruiting pattern to
strategies of resource allocation for ﬂowering and fruiting.
The ﬁrst component, hereafter called female ﬂower alloca-
tion ratio (FA), is the proportion of the resources invested
in ﬂowering that is allocated to female ﬂowers (vs. pollen)
until fertilization. The second component, maximum fruit
set (MFS), is the probability for a female ﬂower to success-
fully develop into a mature fruit when pollen is not a lim-
iting factor. The third component, fruiting-to-ﬂowering
resource demand ratio (FFR), is the ratio of the resources
required to produce one mature fruit to that required
for one sexually operational female ﬂower. Considering a
ﬁxed amount of resources required to produce one ﬂower
within a tree population, FFR variation can be used as a
proxy for mature fruit size variation. Trees may incur se-
vere reserve depletion when they allocate most of their
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ﬂowering resource budget into female ﬂowers or when
they produce either a large fruit crop (i.e., associated with
high pollination success and an elevated MFS value),
large-sized fruits (a large FFR), or both.
To examine the relationship between fruiting dynamics
and other key reproductive characteristics (e.g., outcross
pollination process, resource allocation strategies for re-
production), we built a resource budget model that simu-
lated fruiting dynamics of trees within a population (Isagi
et al. 1997; Satake and Iwasa 2000, 2002a, 2002b). We ex-
amined fruiting dynamics through three distinct outputs:
fruiting synchrony at the tree population level (Sy); the co-
efﬁcient of variation in seed production across years at the
individual tree level (CVi), and the coefﬁcient of variation
in seed production across years at the tree population level
(CVp). Because a high CVp value results from high fruiting
synchrony among trees within a population combined
with elevated temporal fruiting ﬂuctuation at the tree level
(Herrera 1998; Koenig et al. 2003), we considered that CVp
would accurately reﬂect masting intensity. In addition, to
improve the realism of sensitivity analyses made on fruit-
ing dynamics, we quantiﬁed MFS and the range of FFR
values to be used with data from a ﬁeld survey on sessile
oak (Quercus petraea), oak trees being among the most
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Figure 1: Fruiting dynamics as a function of the depletion coefﬁcient (DC) and the shape of the outcross pollination function. A, The out-
cross pollination function determines the positive, nonlinear relationship between the amount of outcross pollen available in the neighbor-
hood of tree x at year t (PAIx(t)) and the proportion of female ﬂowers that were successfully pollinated (Px(t)). Pollen availability index PAIx
ranges from 0 to 1 (from no pollen produced by all the neighboring trees to the maximum amount of pollen produced; see text). Three
distinct outcross pollination functions were successively included in the model: two power functions already explored in previous models
(function 1: Px(t)p (PAIx(t))
1=2, function 2: Px(t)p (PAIx(t))
3=2) and a logistic function bounded between 0 and 1 (function 3: Px(t)p
1=(11 100e210:PAIx(t)); see eq. [3]). For each pollination function, the DC effect is shown on the fruiting synchrony among trees Sy (B) and
on the fruiting variation across years at the individual tree level CVi (C) and at the population level CVp (D). The range of DC values empir-
ically estimated for sessile oak trees is shown by the hatched horizontal bar above the X-axis.
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emblematic mast-seeding species (Herrera et al. 1998; Kelly
and Sork 2002; Koenig et al. 2003).
Material and Methods
We built a resource budget model accounting for tree re-
source dynamics and the outcross pollination process.
Modeling Tree Resource Dynamics
In our model, the forest was deﬁned as being composed of
a large number of trees of the same species, where each
tree x occupied a distinct location on a two-dimensional
grid. Accordingly, Sx(t) was the level of resource reserves
in tree x at the beginning of year t. Every year, each tree
accumulated a ﬁxed amount of resources from photosyn-
thesis, Ps. Unless the level of resources Sx(t)1 Ps exceeded
a threshold level L, the tree did not produce any ﬂowers
and stored the acquired resources until the following year.
Whenever the level of resources exceeded L, tree x initiated
reproduction by converting the amount of resources above
L into ﬂowering and allocating the proportion FA to fe-
male ﬂowers, whose number was proportional to the excess
reserve. Irrespective of pollen limitation, some ﬂower ab-
scission or fruit abortion is commonly observed in perennial
plants (Stephenson 1981; Holland et al. 2004). Accordingly,
we considered that, independently of any pollen limitation,
only a proportion MFS of pollinated female ﬂowers would
successfully mature into fruit with the relative resource re-
quirement FFR. The resources allocated toward fruiting then
equal
FA ⋅MFS ⋅ FFR ⋅ (Sx(t)1 Ps 2 L):
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Figure 2: Impact of outcross pollination efﬁciency on fruiting dynamics. A, Three logistic-shaped pollination functions. Fruiting success
increases in a logistic manner with pollen availability, according to three pollination efﬁciency levels, functions 3–5. Function 3: Px(t)p
1=(11 100e210:PAIx(t)), function 4: Px(t)p 1=(11 200e222:PAIx(t)), function 5: Px(t)p 1=(11 1;000e212:PAIx(t)). B–D, See ﬁgure 1 legend.
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We assumed that fruiting might be followed by severe
resource depletion, which would force the tree to replenish
its reserves over several years before once again being able
to ﬂower. Overall, the absolute reserve of tree x at the on-
set of year t 1 1 can be computed as follows:
Sx(t 1 1)p
Sx(t)1 Ps 2 (11 FA ⋅MFS ⋅ FFR)(Sx(t)2 L1 Ps) if   Sx(t)2 L1 Ps 1 0
Sx(t)1 Ps if   Sx(t)2 L1 Ps ≤ 0
ð1Þ
(see Satake and Iwasa 2002a for details).
Equation (1) becomes nondimensionalized if (Sx 2 L1
Ps)=Ps is replaced by Yx, as follows:
Yx(t 1 1)p

2FA ⋅MFS ⋅ FFR ⋅ Yx(t)1 1 if   Yx(t) 1 0
Yx(t)1 1 if   Yx(t) ≤ 0
ð2Þ
(Satake and Iwasa 2002a).
Here Yx(t 1 1) can be considered as the relative resource
reserve of tree x at the onset of the year t once standardized
per Ps unit, which is the ﬁxed amount of resources gained
yearly through photosynthesis.
We further enhanced this basic dynamic equation by ac-
counting for outcross pollination and by introducing envi-
ronmental stochasticity in the amount of resources acquired
yearly by individual trees. As a result, equation (2) becomes
Yx(t 1 1)p
2FA ⋅MFS ⋅ FFR ⋅ Px(t)Yx(t)1 11 εx(t) if   Yx(t) 1 0
Yx(t)1 11 εx(t) if   Yx(t) ≤ 0 ,
ð3Þ
where Px(t) is the pollination success of tree x, and εx(t) is the
error that results from individual tree variability added to
population-wide yearly variation (see below and Satake
and Iwasa 2002a).
The Outcross Pollination Process
Because resource dynamics in themselves do not induce
fruiting synchrony among trees, and because pollination
efﬁciency overall depends on the availability of outcross
pollen (Nilsson and Wastljung 1987; Smith et al. 1990),
RBMs include an outcross pollination function that pre-
cludes self-pollination (Satake and Iwasa 2000). The num-
ber of fruits produced by a single tree in any given year,
therefore, depends not only on the number of female
ﬂowers it produces but also on the amount of exogenous
pollen available, which itself depends on the number of
neighboring trees and on the amount of pollen they pro-
duce (see below). Fruiting also depends on an outcross pol-
lination function that reﬂects the link between pollen avail-
ability and pollination success.
Determining the set of neighboring trees that might
pollinate a focal tree. We developed a spatially explicit
model in which trees were regularly distributed on a two-
dimensional square grid deﬁned as a tore to avoid edge ef-
fects. The distance between two trees located at (x1, y1) and
(x2, y2), respectively, was calculated using the Moore neigh-
borhood method. Any tree distant from focal tree x by less
than a threshold value D could pollinate it; this situation
occurred whenever max(jx1 2 x2j, jy1 2 y2j) ≤ D. At one
extreme (Dp 1), only the eight trees immediately adjacent
to the focal tree on the grid could pollinate it, while at the
other extreme, the whole forest could potentially contribute
to pollinating the focal tree. How D impacts fruiting has
been explored elsewhere (Satake and Iwasa 2002a): herein,
we exclusively considered intermediate situations where
only trees distant from the focal tree by less than 5 units on
the grid (i.e., 120 neighboring trees) could pollinate it.
Determining the relative amount of outcross pollen avail-
able for a focal tree. As for female ﬂowers, the amount of
pollen produced any given year by any tree is proportional
to the amount of its excess reserves at the onset of the repro-
ductive season. For each tree, we calculated its relative pol-
len production, that is, the ratio of the amount of pollen it
actually produced to the maximum amount it would have
produced if all the reserves acquired through photosynthe-
sis had been converted into ﬂowers. For a given focal tree x,
we then computed the pollen availability index (PAI, com-
prised between 0 and 1) as the summed relative pollen pro-
duced by its z neighboring trees:
PAIx(t)p
1
z
Xz
yp1
max(Yy(t), 0): ð4Þ
The outcross pollen function. Following Satake and
Iwasa (2000), we introduced the pollination success of tree
x, Px(t), to account for outcross pollen limitations on re-
production. The pollination function P describes the
strength of outcrossing pollination as a function of the
amount of exogenous pollen available. This function has
typically been deﬁned as a positive power function. This
means that at any year t, Px continuously increases along
with the total amount of exogenous pollen available in a
concave, linear, or convex manner, depending on whether
the positive coupling strength value b is below, equal to, or
above 1, respectively (e.g., Satake and Iwasa 2002a, 2002b;
Iwasa and Satake 2004). In our model, we compared the
performance of two such positive power functions with
several distinct logistic functions that seem to better ﬁt
the pollination process (see “Introduction”; ﬁgs. 1A, 2A).
( )
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Accounting for Environmental Stochasticity
There is empirical evidence that trees, even when they are
distant from each other, reproduce synchronously partly
because they experience similar environmental ﬂuctua-
tions (Koenig and Knops 1998, 2000, 2013). As did Satake
and Iwasa (2002b), we introduced environmental noise
εx(t) into our model to account for the fact that the re-
sources gained from photosynthesis by tree x may differ
from one year to the next due to (i) climatic variations that
evenly affect all the trees in the population and (ii) ﬁne-
scale environmental differences (e.g., soil characteristics,
available nutrients, or water supply) affecting tree x only.
Here εx(t) accounts for individual stochastic variation in
the resources accumulated by tree x at the onset of the re-
productive season t; it can depart from the average popu-
lation noise εpop,which itself may vary from one year to the
next, so that
εx ∼ N(εpop, jenv
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
12 Syenv
p
),
with
εpop ∼ N(0, jenv
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Syenv
p
): ð5Þ
Syenv is the environmental synchrony among trees (the Moran
effect) and is deﬁned as the proportion of the total environ-
mental variance (j2env) that is due to population-scale vari-
ance. The Moran effect has been well studied elsewhere (see
Satake and Iwasa 2002b), so in our model, we set intermedi-
ate, ﬁxed values for j2env and Syenv (0.2 and 0.5, respectively).
Environmental stochasticity, by affecting the resources
gained by trees, indirectly impacts the amount of outcross
pollen produced yearly.We thenmodiﬁed equation (4) to in-
troduce stochasticity into the pollen availability index as
PAIx(t)p
1Pz
yp1[11 εy(t 2 1)]
Xz
yp1
max(Yy(t), 0): ð6Þ
Model Processing and Model Outputs: Sy, CVi , and CVp
In our model, we used a square grid comprising 400 trees.
All simulations were run with a C11 algorithm. Each
simulation lasted 2,000 time steps (years), but only the last
300 steps—independent from initial conditions—were
used to compute parameters reﬂecting fruiting dynamics.
We focused on three criteria classically used to describe
masting: (i) the spatial synchrony of seed crop size among
trees (Sy) and the temporal coefﬁcient of variation in
fruiting at the (ii) individual (CVi) and (iii) population
(CVp) levels (Herrera 1998; Koenig et al. 2003). Here, Sy
is the mean of all pairwise Pearson correlations between
the time series for each pair of trees (Satake and Iwasa
2002a), CVp is the coefﬁcient of variation of the mean an-
nual seed production computed for all 400 trees in the
population, and CVi describes individual tree between-
year variability in seed production and is the mean of the
coefﬁcients of variation computed individually for the
400 trees (Herrera 1998; Koenig et al. 2003). We examined
the extent to which fruiting dynamics (and, hence, masting)
are sensitive to the outcross pollination function (two power
and three distinct logistic functions tested; see ﬁgs. 1A, 2A)
and to the depletion coefﬁcient (DCp FA ⋅MFS ⋅ FFR).
We ran 100 simulations for each set of parameters, then
computed and displayed the average Sy, CVp, and CVi.
Setting Up the Range of Values for the
Depletion Coefﬁcient in RBMs
We deﬁned DC as the product of three biological compo-
nents (FA, MFS, and FFR; see table 1). We estimated MFS
and FFR based on data from a ﬁeld survey of the ﬂowering
and fruiting effort of 130 sessile oak trees (Quercus
petraea) from 13 populations distributed throughout met-
ropolitan France (see app. A for detailed methods and re-
sults; apps. A, B available online). Assuming that oak trees
invest resources equally into male and female ﬂower pro-
duction (FAp 0:5), we found DC mean values within
populations ranging from 4 to 15. Similar results were ob-
tained when considering either dry weight, carbon, or ni-
trogen as the limiting resource. This range of values is
shown by hatched horizontal bars above the X-axis in ﬁg-
ures 1D and 2D.
Based on this empirical evaluation, subsequent analyses
were undertaken to assess the sensitivity of the RBM
outputs to extended DC values (from 0 to 25), that match
DC values potentially found in various perennial plant
species. Because FFR estimates were found to be highly
variable among trees from the same localities (CVFFR aver-
aging 0.4 per site in our ﬁeld survey; see app. A), we fur-
ther examined the impact of variations in individual DC
values (CVDC ranging from 0 to 1) on fruiting dynamics
(ﬁg. B1, available online).
Results
Fruiting Dynamics as a Function
of the Depletion Coefﬁcient
Values for Sy and CVi (ﬁg. 1B, 1C) show similar patterns
of variation along with DC values, irrespective of the out-
cross pollination function included in the model (see ﬁgs. 1A,
2A).
As pointed out by Isagi et al. (1997), very low DC values
(near 0) indicate that almost no additional resources are
required to produce a mature fruit from a female ﬂower
and that no resource depletion takes place. At the onset
of each year, trees always exhibit excess reserve (eq. [1])
and therefore regularly produce ﬂowers and fruits: as a
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consequence, they show low CVi values (ﬁg. 1C). The rather
elevated fruiting synchrony observed simultaneously in the
population (around 0.5) mainly results from moderate envi-
ronmental forcing (Syenv; see eq. [5]), with only weak fruit-
ing variation between years (low CVi and CVp; ﬁg. 1C, 1D).
When DC increases to 1, fruiting synchrony and CVi
both increase. When the fruiting cost equals that of
ﬂowering (DCp 1), fruiting dynamics follow a very regu-
lar 2-year pattern, with 1 year of high fruiting alternating
with 1 year of low (or almost no) fruiting. Such extremely
regular ﬂuctuations at the tree level promote maximum
synchrony among trees (ﬁg. 1B) due to the outcross polli-
nation process, as has already been shown in detail in pre-
vious work (Isagi et al. 1997; Satake and Iwasa 2000).
For DC values above 1, CVi goes on increasing mono-
tonically—though at a lower rate (ﬁg. 1C)—while Sy rap-
idly declines (ﬁg. 1B). Such DC values are accompanied by
chaotic fruiting dynamics at the tree level, thus reducing
the opportunity for fruiting synchronization within the
population (as shown by decreasing Sy). For higher DC
values (above 5), fruiting synchrony decreases asymptoti-
cally down to relatively stable values. The asymptotic-like
synchrony level (considering strong ﬂuctuations at the in-
dividual tree level, i.e., high CVi; ﬁg. 1C) is closely related to
the outcross pollination function, higher synchronization
being predicted with logistic rather than power functions.
Here CVp, resulting from the combined effects of CVi
and Sy and being positively correlated to these two pa-
rameters, shows a more complex relationship with DC
(ﬁg. 1D): CVp ﬁrst rapidly increases as DC increases up
to 1 due to a concomitant increase in Sy and CVi and then
sharply and brieﬂy declines, owing to the marked decrease
in Sy, while CVi continues to increase slightly. For higher
DC values, CVp values differ according to the outcross
pollination function used.
Fruiting Dynamics and the Shape of
Outcross Pollination Function
The outcross pollination process has formerly been mod-
eled as a power function with b, the power of the function.
With DC 1 3 and small b values, no masting was found
(ﬁg. 1A, 1D, ﬁlled circles; function 1 [f1], bp 1=2, CVp,
is around 0.4). For high b values, moderate masting was
observed (ﬁg. 1A, 1D, open circles; f 2, bp 3=2, CVp, is be-
tween 0.8 and 1 for 1 ! DC ! 5 and then stays below 0.8
for DC 1 5). Neither power function was able to predict
the highest CVp values, either due to loose tree synchrony
(for low b values; ﬁg. 1B) or to low CVi’s (for large b values;
ﬁg. 1C). Values for CVp were the highest for the logistic-
shape outcross pollination function (around 1 or above)
Table 1: Glossary
Parameter Deﬁnition Reference
CVi Temporal coefﬁcient of variation of fruiting at the tree level Figs. 1, 2
CVp Temporal coefﬁcient of variation of fruiting at the population level Figs. 1, 2
DC Depletion coefﬁcient is the fruiting relative to ﬂowering effort (also called k in Satake and
Iwasa [2000], [2002a], [2002b] and Rc in Isagi et al. [1997]); here, it is computed as the
product FA ⋅MFS ⋅ FFR . . .
FA Female ﬂower allocation ratio is the proportion of resources a tree may allocate to its female
ﬂowers prior to fertilization among the excess reserves allocated to ﬂowering Eqq. (1)–(3)
FFR Fruiting-to-ﬂowering resource-demanding ratio is the ratio of the additional resources
required to produce a mature fruit from a female ﬂower to that required to produce a
female ﬂower; by extent, FFR may be considered as a proxy for fruit size; in the model,
it is considered constant for individual trees Eq. (1)
L Threshold level of resources above which ﬂowering occurs Eq. (1)
MFS Maximum fruit set is the probability for a fertilized female ﬂower to develop into a mature
fruit; when multiplied with Px(t), it gives the fruiting success Eqq. (1)–(3)
PAIx(t) Pollen availability index computes the relative amount of outcross pollen available for tree x at
year t; it depends on the amount of pollen produced by trees present in the neighborhood
of tree x Eqq. (4), (5)
Ps Resources gained yearly from photosynthesis Eq. (1)
Px(t) Pollination success of tree x at year t depends on PAI and on the outcross pollination function
that is either a power or logistic one in this study; it is involved in the fruiting success, i.e.,
the probability for a female ﬂower to develop into a mature fruit Eq. (3); ﬁgs. 1A, 2A
Sx(t) Absolute resource reserve of tree x at the onset of year t Eq. (1)
Sy Synchrony level in fruit crop size among trees Figs. 1, 2
Yx(t) Resource reserve of tree x at the onset of year t standardized per Ps unit, i.e., the resources
gained yearly through photosynthesis Eqq. (1), (2)
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and remained high over a large range of DC values (from
DC 1 5; ﬁg. 1D).
Fruiting Dynamics and Pollination Efﬁciency
Values for CVp, resulting from CVi and Sy, may reach
their highest through two distinct pathways depending
on the efﬁciency of the pollination process modeled from
various logistic functions (ﬁg. 2A). Outcross pollination
appears to be the key mechanism that synchronizes fruit-
ing, as shown in previous studies with RBMs. However,
our model predicts that masting should be most intense,
even over a large range of DC values, only when pollination
efﬁciency is weak (ﬁg. 2A, 2D, open circles: CVp around
1.5). The logistic function associated with less efﬁcient pol-
lination shows strong inertia in the pollination success
and consequently favors homogeneous pollination success
among the trees, as long as pollen availability remains low
(e.g., for a pollen availability index between 0 and 0.3;
ﬁg. 2A). Such logistic pollination function thus should pro-
mote high fruiting synchrony among trees (Sy; ﬁg. 2B) to-
gether with marked ﬂuctuations in fruiting at the tree level
(CVi) which, taken together, explain the very high CVp
values obtained (ﬁg. 2C, 2D).
On the contrary, when pollination is very efﬁcient, the
fruiting success of a tree may increase sharply from very
small amounts of pollen available. Even if neighboring
trees experience subtle differences in the amount of out-
cross pollen received, they may experience markedly dis-
tinct pollination success and, hence, may be easily de-
synchronized in their seed production (ﬁg. 2B, ﬁlled circles:
low Sy values). Despite weak synchrony, moderate masting
may still occur, provided that very highDCvalues are reached
(ﬁg. 2C, 2D; CVp reaching 1 for DC 1 15).
Moderately efﬁcient pollination should be accompanied
by intense masting starting at rather low DC values, with
trees remaining synchronized (ﬁg. 2B, 2D; DC 1 5, CVp
around 1.2). Yet, this situation also generates the lowest
CVi values (ﬁg. 2C, open triangles).
Fruiting Dynamics When DC Fluctuates among Trees
Fruiting dynamics were only weakly affected by variations
in the DC heterogeneity level among trees within a popu-
lation (for CVDC less than 0.4; see app. B; ﬁg. B1). When
DC becomes more variable among trees, Sy and CVi both
subtly decline, resulting in slightly declining CVp (from 1
down to 0.8 for CVDC varying from 0.4 to 1; see ﬁg. B1).
Discussion
In this study, we revisited the way RBMs could generate
masting by using logistic functions linking pollination suc-
cess to pollen availability to model the outcross pollination
process. In addition, we split the depletion coefﬁcient into
three explicit biological parameters that reﬂect how trees
allocate their resources to ﬂowering and fruiting (i.e., FA,
MFS, FFR; see table 1). Our results show that masting is
much more often observed when the outcross pollination
process is modeled using logistic functions than with the
power functions used until now (Isagi et al. 1997; Satake
and Iwasa 2000, 2002a, 2002b). While outcross pollination
is the key process shown to synchronize fruiting in RBMs,
our results point out that masting would be most intense
when pollination is ineffective.Masting should nevertheless
occur when pollination is very efﬁcient yet be restricted to
high depletion coefﬁcient values: this can be the case when-
ever plants massively allocate their ﬂowering effort into fe-
male items (i.e., high FA), reach high maximum fruit set
under nonlimiting pollen availability (high MFS), and/or
mature large-sized fruits compared to female ﬂower size
(high FFR).
Previous studies used power-like functions to link pol-
lination success with the amount of outcross pollen avail-
able; they examined the fruiting dynamic using a rather
narrow range of low depletion coefﬁcient values (DC ! 5)
and analyzed masting based on fruiting synchrony among
trees (equivalent to Sy in this study; ﬁgs. 1B, 2B; Isagi et al.
1997; Satake and Iwasa 2000, 2002a, 2002b). According to
these studies, opportunities for masting emergence are
expected to sharply decrease as the depletion coefﬁcient in-
creases. Here, we estimated DC in several sessile oak pop-
ulations and found them to vary from 4 to 15 on average,
depending on the population studied (see app. A). This
range should probably be extended even when considering
other oak species or perennial plants that may produce big-
ger, costlier fruits. When the depletion coefﬁcient value
was realistically high (DC 1 5), our model showed that the
two power-like pollination functions failed to predict in-
tense masting (CVp ≲ 0:8). Values for CVp remained low
due to either low fruiting synchrony levels (for low b value;
ﬁg. 1A, 1B, ﬁlled circles) or low individual fruiting ﬂuctua-
tion (for high b value; ﬁg. 1A, 1C, open circles).
By contrast, our model showed that masting occurred
frequently and was most intense (high CVp), even with el-
evated DC values (15), when a logistic relationship be-
tween pollen availability and pollination success was ac-
counted for (ﬁgs. 1, 2). Our model was further able to
disentangle contrasted ways leading to masting, depending
on pollination process efﬁciency. While outcross pollina-
tion is central to fruiting synchrony in RBMs, our results
counterintuitively showed that masting may be most in-
tense (as shown by consistently high CVp values along the
DC gradient) when pollination is nearly ineffective (ﬁg. 2D).
At low or medium pollen availability, the slow increase in
the pollination success (ﬁg. 2A, f5, open circles) would en-
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sure weak but homogeneous pollination among neighbor-
ing trees, leading to their close fruiting synchronization. In-
efﬁcient pollination maximizes masting also because it is
associated with high CVi values (CVp ≤ 1:5 for DC 1 10).
On the contrary, very efﬁcient pollination is characterized
by a rapid increase in pollination success as soon as low
amounts of pollen are available (ﬁg. 2A, f4, ﬁlled circles).
This process causes trees to get desynchronized because
pollen is a less limiting factor: the fruiting dynamics of each
tree more closely depend on its own reserve levels than on
local exogenous pollen production. However, when pollina-
tion is highly effective, medium-level masting may still oc-
cur, provided that the depletion coefﬁcient is very high: de-
spite poor tree synchrony, strong fruiting ﬂuctuation is
expected at the tree level (high CVi), which results in inter-
mediate fruiting ﬂuctuation at the population level (CVp≈ 1
for DC ≈ 25; ﬁg. 2D). When pollination is moderately efﬁ-
cient (ﬁg. 2A, f3, open triangles), masting intensity should
be moderate and stable over a large DC gradient (ﬁg. 2D).
The unexpected ﬁnding of intense masting under inef-
ﬁcient pollination could be tested in several different ways.
First, comparisons could be made between plant species
with markedly distinct pollination mechanisms. For exam-
ple, pollination should be more efﬁcient—and masting,
therefore, less intense—under low pollen density in insect-
pollinated species than in wind-pollinated species. Insect
pollinators, at least when their populations are dense,
may be actively and even exponentially recruited as soon
as a small amounts of food (pollen) are detected (Rathcke
1983; Hegland 2014). In agreement with this prediction,
insect-pollinated species seem to exhibit overall less in-
tense masting than do wind-pollinated species (Kelly and
Sork 2002). Among wind-pollinated species, higher polli-
nation efﬁciency and less intense masting would also be
expected in species that have evolved organs to accumulate
pollen close to stigmata (e.g., conifer ovulate cones [Niklas
1982]) than in those whose stigmata are passively exposed
to aerial pollen. Second, comparisons could be made within
a given plant species between populations undergoing var-
ious degrees of pollination efﬁciency owing to distinct en-
vironmental constraints. Our model indirectly predicts that
intense masting would occur under low plant densities or
in highly fragmented populations, since in both situations,
pollination should be less efﬁcient for a given mean plant
ﬂowering effort. Among insect-pollinated species, intense
masting is expected either when density/diversity in polli-
nators is low or when many plant species severely compete
for the same insect pollinators (Allison 1990; Kunin 1997;
Aguilar et al. 2006; Vamosi et al. 2006; Pellegrino et al. 2015).
Resource budget models are not only robust predictors
of masting, they may also provide an integrative theoreti-
cal framework for jointly analyzing mechanisms in peren-
nial plants related to reproductive strategies such as sex al-
location strategies (linked to female ﬂower allocation ratio,
FA), fruit set and the trade-off between fruit number and
fruit size (linked to maximum fruit set, MFS, and fruiting-
to-ﬂowering ratio, FFR), outcross pollination efﬁciency,
and fruiting dynamics over time and space (described from
Sy, CVi, and CVp). Introducing explicit biological param-
eters into RBMs also offers the opportunity to provide real-
istic scenarios for possible changes in plant fruiting patterns
under climate change by examining the sensitivity of RBM
parameters to climate variables. RBMs with explicit biolog-
ical parameters, therefore, open new paths and testable pre-
dictions to explore the diversiﬁed mechanisms operating on
the fruiting processes of perennial plants, their complex in-
teractions, and, by extension, the proximate and ultimate
causes of fruiting strategies.
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Appendix S1: Description of the pollen, acorn and weather databases
Our spatially extended ﬁeld networks, including sites experiencing diverse weather conditions, is
composed of two databases independently acquired: one with 44 pollen-sampling sites (Fig. S1 and
Table S1) (i.e., with at least 8-year recordings available between 1994 and 2015) and the other one
with 30 acorn-sampling sites spreading over 790 km in latitude and 850 km in longitude (Fig. S2 and
Table S2) and surveyed every year for 14 years (1994-2007).
1) Pollen database
Amounts of airborne pollen (i.e., the estimated number of pollen grains per cubic meter of air)
were collected daily throughout the year at every site by the RNSA (Réseau National de Surveillance
Aérobiologique, France) between 1994 and 2015 using Hirst traps (Hirst 1952). Data were discarded
some years when no successful recording could be made more than 5 consecutive days within the
peak of the pollen release (about 15 days centered on the median date of pollen release period).
2) Acorn database
The oak acorn census database has been collected from long-term surveys achieved by the Euro-
pean network for the monitoring of forest ecosystems (RENECOFOR) (Ulrich 1995). Acorn produc-
tion was analyzed in 30 oak forests distributed across metropolitan France and surveyed from 1994
to 2007 (Fig. S2). Among them, 19 forests were dominated by Q. petraea, 9 by Q. robur and two
of them were mixed oak forests (Table S2). All of these populations were already mature when they
started to be monitored. The acorn production was sampled each year of the 14-year survey on a ﬁxed
1-acre surface where ten non-neighboring trees were equipped with one 0.5m2 raised litter fall trap
that collected the mature acorns and prevented them from being eaten. At each site, the acorns fallen
into these ten devices were gathered and counted exhaustively.
3) Combining the data of Quercus petraea and Q. robur
Data concerning these two white oak species were pooled both for our empirical and modeling
approach for estimating the model parameters due to the following reasons:
• pollen morphology does not allow discriminating these two Quercus species
• the two oak species show the same trend between acorn production and April Temperature (AT)
(Table S3 and Fig. S3)
• the population coefﬁcient of variation (CVp) did not signiﬁcantly differ between the two oak
species (Q. robur: 1.37± 0.31 (mean CVp ± SD); Q. petraea: 1.39± 0.37, Student’s t-test:
t = 0.18; d f = 19; p = 0.85)
4) Weather database
To characterize the weather conditions occurring at each sampling site (pollen- and acorn-), mean
daily temperature (°C) and cumulated daily rainfall (mm) values were extracted from the SAFRAN
(Système d’Analyse Fournissant des Renseignements Adaptés à la Nivologie, Durand et al. 1993)
spatially-explicit database (a grid with 8 × 8 km mesh size).
Hirst, J. (1952). An automatic volumetric spore trap. Ann. Appl. Biol., 39(2), 257–265.
Durand, Y., Brun, E., Mérindol, L., Guyomarc’h, G., Lesaffre, B., & Martin, E. (1993). A meteorological estimation
of relevant parameters for snow models. Ann. Glaciol, 18, 65-71.
Ulrich, E. (1995). Le réseau RENECOFOR: objectifs et réalisation. Rev. For. Fr. 47,107–124.
106
Appendix S2: Evaluation of the method described in Lebourgeois et al. (2018)
to estimate airborne pollen amount or pollen synchrony at a given site
We evaluated the accuracy of the method used in Lebourgeois et al. (2018) to estimate at a given
site the annual airborne pollen amount and pollen synchrony (i.e., the duration (days) of the pollen
release period) from data collected on neihgbouring sites. For that purpose, we applied their method
on 32 pollen-sampling sites for which pollen variables have been recorded at least four years during
the 1994-2007 period, and compared the observed and estimated data. For each pollen-sampling site,
we proceeded as follows: (i) we estimated the daily pollen aerial concentration as the inverse-distance
weighted average concentration measured in all pollen-sampling sites distant by less than 100 km of
the focused site; (ii) for each site·year combinations we calculated the annual airborne pollen amount
(i.e., cumulated daily pollen aerial concentration) and the duration (days) of the pollen release period
(i.e., the interquantile range 5%-95%, as in Lebourgeois et al. (2018)); (iii) for each site, we calculated
the percentage of error 100× abs( estimated data−observed dataobserved data ), and the number of years with over and
underestimation, respectively (see Table S4). The error of estimation was high and highly variable
between sites: for the amount of airborne pollen it reached 95.55% on average (minimum = 19.17%;
maximum = 479.51%), and for pollen synchrony it averaged 29.59% (minimum = 8.92%; maximum
= 84.72%). The amplitude of the estimation bias (over or under) depends on the site, and both under-
and over-estimations were often detected at the same site. Considering the acorn-sampling sites, and
based on the method of Lebourgeois et al. (2018), we computed for each acorn-sampling site the
number of pollen-sampling sites available for the estimation of pollen data on that site, including any
pollen-sampling site for which pollen had been recorded at least one year among the 14-year acorn
survey (1994-2007). Using this non-restrictive criterion, we found 2.27 pollen-sampling sites per
acorn-sampling site, on average, and from these ones we were able to estimate the annual airborne
pollen amount for only 8.7 years, on average, of the 14-year acorn survey. One major problem was
that the pollen and acorn years of survey did poorly overlap. It follows that only 1.46 pollen-sampling
site could actually be used each year, on average, at every acorn-sampling sites. Most importantly, the
number and identity of pollen-sampling sites that could be used for annual pollen estimation varied
throughout the 1994-2007 period for 83% of the acorn-sampling sites. This inconsistency prevented
from keeping high-quality estimations of the dynamics of pollen amount within acorn-sampling sites
and its variation between sites over their 14-year survey. It seems from these results that the method
of Lebourgeois et al. (2018) failed to accurately estimate the airborne pollen amount and the duration
(days) of the pollen release period at the acorn-sampling sites, thus preventing from directly crossing
annual pollen and acorn amounts from these two databases.
Lebourgeois, F., Delpierre, N., Dufrêne, E., Cecchini, S., Macé, S., Croisé, L., & Nicolas, M. (2018). Assessing
the roles of temperature, carbon inputs and airborne pollen as drivers of fructiﬁcation in European temperate deciduous
forests. Eur. J. For. Res., 1-17.
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Appendix S3: Identifying the periods when weather variables impact the annual
airborne pollen amount and analyzing their effect on fruiting intensity
1) Testing the relation between the yearly airborne pollen amount and the weather variables
Pollen aerial release occurred mainly during April and May in all of the 44 pollen-sampling sites
monitored by the RNSA (Réseau National de Surveillance Aérobiologique, France) (Fig. S7). We
tested the impact of weather variables on the annual airborne pollen amount (at any given year t) from
various time period divisions from June 1st (year t−1) to May 31st (year t) at each site and each year.
The most robust results, presented below, were obtained from time division per calendar month.
For every calendar months of the studied period, we calculated the mean daily temperature (°C)
and cumulated rainfall (mm). Then, we performed a Principal Component Analysis (PCA) on these
two weather variables to obtain uncorrelated variables that captured most variability. The ﬁrst selected
Principal Component (PC) (with eigenvalues higher than 1) captured between 52% and 75% of the
total variance of both temperature and rainfall variability (Table S5). This ﬁrst axis so-called ‘Weather
Index’ (WI) was used as explanatory variable in the subsequent analysis. The coordinates of every
site·year combinations on WI constitute the values of this explanatory variable. In Fig. S8, we
illustrated the relationships between the April Weather Index (AWI) (i.e., the only period that was
signiﬁcantly correlated to the airborne pollen amount; Tables S6 and S7) and each of the two original
monthly average weather variables.
2) Testing the relation between fruiting intensity and the AWI (April Weather Index)
Fruit- and pollen-sampling sites did not overlap in space (Figs. S1 and S2) and only partly
overlapped in time because of several missing years for pollen data between 1994 and 2007 (the
time lapse survey of acorns) in some sites. Consequently, ﬁnding out whether pollen limitation
would be due to weather conditions required testing the hypothesis that AWI, that correlated to
the airborne pollen amount (Tables S6 and S7), were also correlated to the fruiting intensity at the
acorn-sampling sites. We calculated from the meteorological dataset the mean temperature (°C)
and rainfall (mm) during at each acorn-sampling site and each year from 1994 to 2007. We de-
termined the AWI coordinates of these mean weather conditions (site·year combinations) with the
suprow function from the ade4 package (Dray & Dufour 2007) of the R free software environment
(v.3.4.3, http://cran.r-project.org). Then, using the glm.nb function of the ﬁtdistrplus pack-
age (Delignette-Muller & Dutang 2015), we performed a negative binomial Generalized Linear Model
(NB GLM using a log link) with the number of acorns (year t) as dependent variable, the number of
acorns the previous year (year t − 1) and the corresponding AWI coordinates as covariates, and the
‘site’ and ‘year’ factors considered as ﬁxed effects (Table S3). Finally, we performed an ANODEV
to determine the proportion of the ‘site’ and ‘year’ effects that were captured by AWI (Table S9).
Delignette-Muller, M.L., & Dutang, C. (2015). ﬁtdistrplus: An R package for ﬁtting distributions. J. Stat. Softw.,
64(4), 1-34.
Dray, S. & Dufour, A-B. (2007). The ade4 package: implementing the duality diagram for ecologists. J. Stat. Softw.,
22(4), 1–20.
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Appendix S4: Resource Budget Model (RBM)
We developed a RBM largely inspired of Venner et al. (2016), that accounts for tree resource
dynamics, in which we introduced the effect of spring weather conditions on the amount of pollen
available for reproduction. We tested with this model to what extent pollen limitation on fruiting
dynamics would be mediated by the resource allocation strategy of trees alone, by spring weather
conditions alone, or both.
1) Modeling tree resource dynamics
We modeled a forest composed of a large number of trees of the same species, where each tree
x occupies a distinct location on a two-dimensional grid, the trees being regularly distributed on
this grid. Sx(t) is the level of internal resource reserves of tree x at the beginning of year t. Every
year, each tree accumulated a ﬁxed amount of resources from photosynthesis, Ps. Tree x allocates
to ﬂowering a given amount of resources depending on the level of its reserve according to a logistic
function f (Sx(t)+Ps). From previous work (Venner et al. (2016)) the depletion coefﬁcient (DC) is
the product of three biological components (DC = FA ·MFS ·FFR), where:
• FA (Female ﬂower Allocation) is the proportion of resource allocated to female ﬂowers (re-
spectively 1-FA for pollen);
• MFS (Maximum Fruit Set) corresponds to the maximum proportion of pollinated female ﬂow-
ers that successfully mature into fruit without any pollen limitation, and allows accounting for
ﬂower abscission or fruit abortion commonly observed in perennial plants and independent of
any pollen limitation (Holland et al. 2004; Stephenson 1981);
• FFR (Fruiting-to-Flowering resource demand Ratio) corresponds to the ratio of the resources
required to produce one mature fruit to that required for one sexually operational female ﬂower.
As in Venner et al. (2016)’s study, we set 0.5 as a ﬁxed value for FA, considering that the resource
allocation to ﬂowering is equal between the sexes (Norton & Kelly 1998). MFS and FFR values were
estimated from a ﬁeld survey of 117 oak trees belonging to 13 populations distributed throughout
metropolitan France (see Venner et al. 2016 for more details). From these empirical data, MFS was
set to 0.8, and FFR was estimated for each surveyed tree using either dry mass, carbon or nitrogen
contents (see Venner et al. (2016) for more details). FFR was found to ﬁt a log-normal distribution
with a mean value of 12.3 (SD = 1.8). Then, we estimated the DC value for each surveyed tree
by calculating the product between these three biological components of which two were estimated
empirically. Using the ﬁtdistrplus package (Delignette-Muller & Dutang 2015), we found that the
estimated DC values best ﬁtted a log-normal distribution (with a mean of 5 and a standard deviation
of 1.8). We accounted for the variability in DC values observed among trees by assigning a DC
value randomly sampled in this distribution to each tree. Because FA (a component of DC) has been
set somewhat arbitrarily, we performed a sensitivity analysis on DC using simulations based on two
other distributions (DC ∼ log-N (2,1.8) and DC ∼ log-N (8,1.8)), which corresponded to male and
female-biased allocation to ﬂowering, respectively. Whatever the DC values tested, the simulated
results were qualitatively similar (see Fig. S5 and S6). The amount of resource allocated each year
by tree x toward fruiting was then DC · f (Sx(t) + Ps). Successful fruiting might be followed by
large resource depletion, which would force the tree to recover its reserves over several years before
ﬂowering again. Overall, the relative resource reserve of the tree x at the onset of year t + 1, once
standardized per Ps unit (the ﬁxed amount of resources gained yearly through photosynthesis), can
be computed as follows:
Yx(t+1) = Yx(t)− f (Sx(t)+Ps)(1+FA ·MFS ·FFR)+1 accordingly Yx = Sx(t)+PsPs (1)
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We further enhanced this basic dynamic equation by accounting for out-cross pollination (see
section 2) and by introducing environmental stochasticity in the amount of resources acquired yearly
by individual trees (i.e., Ps). As a result, equation (1) becomes:
Yx(t+1) = Yx(t)− f (Sx(t)+Ps)(1+FA ·MFS ·FFR ·Px(t))+ εx+1 (2)
where Px(t) is the pollination success of the tree x, and εx(t) is the error that results from individual
tree variation added to population-wide yearly variation (see Satake & Iwasa 2002a for details).
2) The out-cross pollination process
Our RBM included a pollen limitation function (see section 5) precluding self-pollination (Satake
& Iwasa 2000), because resource dynamics do not induce fruiting synchrony among trees, and be-
cause pollination efﬁciency overall depends on the amount of out-cross pollen available (Nilsson &
Wastljung 1987; Smith et al. 1991). The number of acorns produced by a single tree in any given
year, therefore, depends not only on the number of female ﬂowers it produces but also on the amount
of exogenous pollen available, which itself depends on the number of neighboring trees and on the
total amount of pollen they produce (see section 3).
3) Determining the set of neighboring trees that might pollinate a focal tree
The model was spatially explicit with trees regularly distributed on a two-dimensional square grid
deﬁned as a tore to avoid edge effects. The distance between two trees located at (x1, y1) and (x2, y2)
respectively, was calculated using the Moore neighborhood method. Any tree distant from the focal
tree x by less than a threshold value D could pollinate this tree x; this situation occurred whenever
max(|x1−x2|, |y1−y2|)≤D. At one extreme case (D= 1), only the eight trees immediately adjacent
to the focal tree on the grid could pollinate it, while at the other extreme case, the whole forest
could potentially contribute to pollinate the focal tree. How D impacted fruiting had been explored
elsewhere (see Satake & Iwasa 2002a), we exclusively considered an intermediate situation where
only trees distant, in the sense of Moore, from the focal tree by less than 5 units on the grid (which
encompasses 120 neighboring trees) could pollinate it.
4) Determining the relative amount of out-cross pollen available for a focal tree
For each tree, we calculated the relative pollen production, as the ratio of the amount of pollen it
actually produced to the maximum amount it would have produced if the level of reserve was equal
to the total resources acquired through photosynthesis at the beginning of the focal year. For a given
focal tree x, we computed the Pollen Availability Index (PAI, comprised between 0 and 1) as the
summed relative pollen produced yearly by its z neighboring trees:
PAIx(t) =
1
z
z
∑
y=1
max(Yy(t),0) (3)
5) The pollen limitation function
Following Satake & Iwasa (2000), the pollination success of tree x, Px(t), was introduced in the
model to account for out-cross pollen limitation on reproduction. In our model, fruiting success
depended on a logistic out-cross pollination function linking the amount of out-cross pollen available
and pollination success. This means that, at any year t, the probability Px(t) for a female ﬂower of tree
x to become a mature fruit increases following a logistic function with pollen availability PAIx(t). This
logistic model allows integrating a dilution and saturation effects at low and high pollen availability,
respectively (see Venner et al. 2016).
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6) Accounting for environmental stochasticity
There is empirical evidence that trees, even when they are distant from each other, reproduce syn-
chronously partly because they experience similar environmental ﬂuctuations (Koenig & Knops 1998;
Koenig & Knops 2000; Koenig & Knops 2013). As did Satake & Iwasa (2002b), an environmental
noise εx(t) was introduced into our model to account for the fact that the resources gained from pho-
tosynthesis by the tree x may differ from one year to the next, due to (i) climatic variations that evenly
affect all the trees in the population and (ii) to ﬁne-scale environmental differences (e.g., soil charac-
teristics, available nutrients, water supply) exclusively affecting the tree x. Here, εx(t) accounts for
individual stochastic variation in the resources accumulated by the tree x at the onset of the reproduc-
tive season t; it can depart from the average population noise εpop which itself may vary from one
year to the next, so that:
εx(t)∼N (εpop,σenv
√
1−Syenv) with εpop ∼N (0,σenv
√
Syenv) (4)
Syenv is the environmental synchrony among trees and is deﬁned as the proportion of the total envi-
ronmental variance (σ2env) due to population-scale variance. The Moran effect has been well studied
elsewhere (see Satake & Iwasa 2002a), so in our model, we ﬁxed intermediate values for σenv and
Syenv (0.2 and 0.5, respectively). Environmental stochasticity, by affecting the resources gained by
trees, indirectly impacts the amount of out-cross pollen produced yearly. We then modiﬁed equa-
tion (3) to introduce this stochasticity into the pollen availability index as followed:
PAIx(t) =
1
∑zy=1[1+ εy(t−1)]
z
∑
y=1
max(Yy(t),0) (5)
7) Pollen available for pollination: accounting for spring weather conditions
Each year, a April mean Temperature (AT) value (or April Weather Index, AWI) was drawn from a
normal distribution established empirically for each site (see section 8). From the AT value (or AWI
value), a coefﬁcient weighting pollen release and aerial diffusion called hereafter ‘Pollen Diffusion
Coefﬁcient’ (PDC) between 0 and 1 was deﬁned for a given year and allowed correcting downward
he amount of out-cross pollen available for trees. PDC was logistically related to AT as follows:
PDC = 0.45+
0.55
1+ e−1.4·(AT−11.5)
(6)
This logistic function (equation 6) allowed taking into account the best-ﬁtted logistic relationship
between the airborne pollen amount and the AT (Fig. 3a) and to ensure that PDC tended toward 1
when the weather conditions tended toward optimal weather conditions for aerial pollen diffusion
(i.e., the AT values tend toward inﬁnity). Finally, the PAI calculated in equation (5) became:
PAIx(t) = PAIx(t) ·PDC (7)
For each tree x, the Resource Allocation towards Fruiting (RAF) can be calculated, as follows:
RAF = FA ·MFS ·FFR · f (Sx(t)+Ps) ·Px(t) (8)
Assuming that the number of fruits cannot realistically tend toward inﬁnity, a saturation function
for RAF was introduced in such a way that a tree cannot allocate more than 5 times the entire resources
acquired, on average, in a given year by photosynthesis:
RAFcorrected =
RAF
RAF/(10+1)
(9)
Then equation (2) of our RBM became:
Yx(t+1) = Yx(t)− f (Sx(t)+Ps)−RAFcorrected+ εx(t)+1 (10)
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8) Simulating multiple tree populations: accounting for variability between tree populations
in the spring weather and pollen limitation
Using the tree population model described above, we simulated a set of 44 distinct populations
(similar number to empirical survey pollen-sampling sites). First, to account for the variability ob-
served among tree populations in the AT (or AWI) values, we established for each of the 44 distinct
tree populations its speciﬁc AT (or AWI) normal distribution in which the AT (or AWI) value was
randomly selected each year. For this purpose, we calculated for each of our 44 empirical pollen-
sampling sites (Fig. S1 and Table S1) the mean temperature (°C) and rainfall (mm) during April for
each year from 1959 to 2012, using the daily meteorological data from the SAFRAN application (see
Appendix S1). Then, we determined the corresponding coordinates of these mean weather conditions
(site·year) on the AT (or AWI) using the suprow function from the ade4 package (Dray & Dufour
2007) of the R free software environment (v.3.4.3, http://cran.r-project.org). Finally, we ﬁt-
ted a normal distribution for the AT (or AWI) for each given pollen-sampling sites using the ﬁtdist
function from the ﬁtdistrplus package (Delignette-Muller & Dutang 2015), and implemented them
in our model. Second, because a Variability of Pollination Efﬁciency (VPE) can occur between sites
independently of the weather conditions (e.g., in function of tree density), we introduced this source
of variation in the model (see Venner et al. 2016) for sensitivity analysis of masting to pollination ef-
ﬁciency). For each of the 44 simulated tree populations, the pollination success Px(t) varied following
a logistic function with the pollen availability PAIx(t), as follows:
Px(t) =
1
1+VPE · e−12·PAIx(t) with VPE ∼ log-N (6,1.5) (11)
9) Model processing and model outputs: pollen and fruit population Coefﬁcient of Variation
(CVp) and relative amount of pollen available for reproduction and fruit allocation as a
function of April mean Temperature (AT)
In our model, we used a square grid of 400 trees. All simulations were run following an algorithm
developed in C++. Each simulation lasted 2,000 time steps (years), but only the last 20 years (as
for our empirical data about acorns) were used to gather data similar to those got on the survey
pollen- and acorn-sampling sites (i.e., annual amount of airborne pollen and fruit production at the
population-scale, and the AT (or AWI) for each of the 20 years). Then, as for empirical data, we
calculated the following descriptors: pollen- and fruit-CVp, the annual airborne pollen amount and
fruit production relative to the maximum value encountered on that site for 20 years. From these
simulated data, we displayed the cumulative frequency curves from the 44 pollen- and fruit-CVp,
and the mean relationships between the AT (or AWI) and the relative amount of pollen available for
reproduction, and allocation to fruiting respectively. Finally, we ran 100 simulations for each of the
44 simulated population-sites and we drawn the 95% credible interval.
10) Testing different types of pollen limitation
We tested four distinct scenarios relative to the pollen limitation hypothesis: (i) no pollen limita-
tion (Px = MFS regardless PAI) (Fig. 4a,e,i); (ii) pollen limitation due to both weather conditions
and resource allocation strategy to ﬂowering (Fig. 4d,h,l); (iii) ‘resource-driven pollen limitation’,
that is, limitation exclusively depending on the way trees allocate their resource to ﬂowering, while
weather conditions are constant and optimal (i.e., PDC = 1) (Fig. 4b,f,j); (iv) ‘weather-driven pollen
limitation’, that is, limitation exclusively depending on the sensitivity of aerial pollen diffusion to
spring weather conditions (i.e., the resource allocated to female ﬂowers depends on the level of the
tree reserve, but pollen production is constant) (Fig. 4c,g,k).
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11) Computing
We simulated a set of 44 populations (i.e., as many as the number of pollen-sampling sites) each
of these being provided with its own weather characteristics (i.e., the empirical AT distribution; Ap-
pendix S3). We repeated 100 simulations for each set of 44 populations with a C++ algorithm. Each
simulation lasted 2,000 time steps (years), but only the last 20 steps (same time scale as the 22-year
survey pollen data and the 14-years survey fruit data, and independent from initial conditions) were
used to compute the population Coefﬁcient of Variation (CVp) at each site for the relative airborne
pollen amount and fruit abundance, with their corresponding simulated AT values. These values were
shown with their 95% credible interval. (i.e., interval including 95% of the simulations).
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Table S1: The GPS coordinates of the 44 pollen-sampling sites located across metropolitan France
and recorded from 1994 to 2015 by the RNSA (Réseau National de Surveillance Aérobiologique,
France).
Number Latitude Longitude Cities
1 44.20 0.63 Agen
2 49.90 2.30 Amiens
3 47.46 -0.55 Angers
4 45.65 0.15 Angoulême
5 46.20 6.25 Annemasse
6 43.48 -1.48 Bayonne
7 46.20 5.21 Bourg-en-Bresse
8 46.78 4.85 Chalon-sur-Saône
9 45.56 5.93 Chambéry
10 45.78 3.08 Clermont-Ferrand
11 46.66 -1.43 La Roche-sur-Yon
12 48.68 6.20 Nancy
13 46.98 3.16 Nevers
14 47.92 1.90 Orléans
15 46.58 0.33 Poitiers
16 48.06 -2.98 Pontivy
17 49.25 4.03 Reims
18 48.08 -1.68 Rennes
19 49.43 1.08 Rouen
20 45.37 4.81 Roussillon
21 48.58 7.75 Strasbourg
22 43.60 1.43 Toulouse
23 45.90 6.11 Annecy
24 44.91 2.45 Aurillac
25 47.25 6.03 Besançon
26 44.83 -0.56 Bordeaux
27 49.18 -0.35 Caen
28 43.60 2.25 Castres
29 47.06 -0.88 Cholet
30 48.00 -2.00 Dinan
31 45.16 5.71 Grenoble
32 50.63 3.06 Lille
33 45.75 4.85 Lyon
34 49.13 6.16 Metz
35 46.33 2.60 Montluçon
36 47.21 -1.55 Nantes
37 48.86 2.33 Paris
38 43.30 -0.36 Pau
39 45.18 0.71 Périgueux
40 46.17 -1.15 La Rochelle
41 48.49 -2.75 Saint-Brieuc
42 45.42 4.39 Saint-Étienne
43 47.38 0.68 Tours
44 48.30 4.08 Troyes
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Table S2: Characteristics of the 30 acorn-sampling sites widespread across metropolitan France and surveyed
from 1994 to 2007 by the ONF (Ofﬁce National des Forêts, France). The acorn-sampling sites are indexed on
the map (Fig. S2) by their number indicated in the column ‘Number’. The GPS coordinates and the altitude are
indicated in the corresponding columns ‘Latitude’, ‘Longitude’, and ‘Altitude (m)’. The number of trees sampled
to determine the relative abundance of each species within forest stands is indicated in the column ‘Number of
sampled trees’. The associated columns ‘Q. robur (%)’ and ‘Q. petraea (%)’ correspond to the relative percentage
of these two oak species in the forest stand.
Number Latitude Longitude Altitude (m) Number of sampled trees Q. robur (%) Q. petraea (%)
1 46.17 5.24 260 102 0 100
2 46.67 2.73 260 95 0 100
3 48.30 4.46 160 89 3 97
4 47.25 2.12 176 93 0 100
5 47.08 5.08 220 84 2 98
6 49.37 1.50 175 74 0 100
7 48.18 -1.53 80 76 1 99
8 47.57 1.26 127 99 0 100
9 49.03 4.96 180 61 0 100
10 48.87 6.48 315 79 0 100
11 49.02 7.46 320 116 0 100
12 46.97 3.66 270 93 0 100
13 49.40 2.30 55 60 12 88
14 48.52 0.68 220 108 0 100
15 47.69 7.47 256 56 0 100
16 47.80 0.38 170 129 0 100
17 44.05 1.75 300 121 0 100
18 46.63 0.50 116 100 0 100
19 48.03 6.04 330 72 0 100
20 48.35 4.30 115 77 100 0
21 43.74 -0.84 20 128 98 2
22 47.46 0.03 57 87 100 0
23 49.02 5.77 220 67 100 0
24 50.17 3.75 149 57 100 0
25 43.20 -0.04 370 70 100 0
26 47.87 6.21 240 116 100 0
27 46.97 5.24 190 145 100 0
28 46.83 2.57 175 75 100 0
29 48.99 7.73 350 unknown unknown unknown
30 48.45 2.72 80 52 48 52
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Table S3: Summary of different negative binomial Generalized Linear Models (NB GLMs
using a log link) considering the ‘year’ and ‘site’ as ﬁxed effects for predicting the acorn abun-
dance the year t (Fruit t). The signiﬁcant variables are in bold characters. Neither the species
factor nor the interaction species × weather variable (April temperature (AT) or April Weather
Index (AWI)) had signiﬁcant effect on acorn production. Consequently, the two selected models
for predicting the acorn abundance the year t are: (i) Fruit t ~ Fruit t − 1 + year + site + AWI
and (ii) Fruit t ~ Fruit t−1 + year + site + AT.
Covariates Estimates SE z-value Pr(>|z|)
April Weather Index (AWI)
(Intercept) 5.32 0.52 10.23 < 2e-16
Fruit t−1 -0.0014 0.00048 -2.84 0.0045
Species 0.76 0.57 1.33 0.19
AWI 0.74 0.19 3.75 0.00017
Species × AWI 0.13 0.15 0.82 0.41
April Temperature (AT)
(Intercept) -2.96 1.63 -1.81 0.069
Fruit t−1 -0.0013 0.00048 -2.86 0.0042
Species 2.08 1.34 1.56 0.12
AT 0.87 0.19 4.66 3.15e-06
Species × AT -0.14 0.12 -1.10 0.27
Selected model with AWI
(Intercept) 6.07 0.47 12.84 < 2e-16
Fruit t−1 -0.0013 0.00046 -2.89 0.0038
AWI 0.67 0.18 3.70 0.00022
Selected model with AT
(Intercept) -1.17 1.66 -0.70 0.48
Fruit t−1 -0.0013 0.00046 -2.89 0.0038
AT 0.75 0.18 4.29 1.74e-05
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Table S4: Evaluation of the method used by Lebourgeois et al. (2018) for estimating the annual
airborne pollen amount and pollen synchrony (i.e., duration (number of days) of pollen release pe-
riod) at each of the acorn sampling-sites from pollen data recorded at sampling sites distant by less
than 100 km. Here, for the purpose of comparing estimated and empirical values, we applied their
method at pollen- instead of acorn-sampling sites (see Appendix S2 for more details). ‘Focal sites’
corresponds to the pollen-sampling sites for which pollen variables have been both recorded and es-
timated, at least four years during the 1994-2007 period (the code name used here is the one used
by the Réseau National de Surveillance Aérobiologique: http://www.pollens.fr); ‘#sites’ corre-
sponds to the number of neighboring pollen-sampling sites (within a 100 km radius as for Lebourgeois
et al. (2018)) available to estimate the daily airborne pollen on the focal pollen-sampling; ‘Error (%)’
corresponds to the annual average percentage of error between observed and estimated data (i.e.,
100× abs( estimated data−observed dataobserved data ). The number of years with underestimation and overestimation
are indicated in the columns ‘Under’ and ‘Over’, respectively. The last line in bold letter shows the
mean values for the columns ‘#sites’ and ‘Error (%)’, and the sum for the columns ‘Focal sites’,
‘Under’ and ‘Over’.
Airborne pollen amount Pollen synchrony
Focal sites #sites Error (%) Under Over Error (%) Under Over
FRAGEN 1 28.67 4 1 21.86 4 1
FRAIXP 4 215.31 0 5 23.59 3 2
FRANNE 3 57.42 4 7 45.88 4 7
FRAURI 1 62.81 11 0 39.96 1 10
FRBESA 1 55.51 2 3 12.29 1 4
FRBRIA 3 479.51 0 6 22.76 4 2
FRCAEN 1 220.11 1 6 24.92 5 2
FRCHAL 1 21.00 9 2 14.61 10 1
FRCHAM 6 17.62 2 4 16.15 3 3
FRCHOL 3 44.59 3 7 41.15 4 6
FRDIJO 2 19.17 2 4 19.84 0 6
FRDINA 3 31.80 4 1 20.20 2 3
FRFONT 2 326.00 3 5 26.41 3 5
FRGREN 6 127.47 0 9 84.72 2 7
FRLAFE 1 62.82 6 1 52.51 1 6
FRLARO 3 82.04 6 1 12.25 2 5
FRLILL 2 105.82 1 11 34.26 7 5
FRLYON 4 44.55 8 1 11.06 5 4
FRMARS 4 77.68 1 9 15.36 4 6
FRMONP 2 177.88 0 5 31.56 5 0
FRMONT 3 65.22 11 0 8.92 4 7
FFRNANT 4 98.72 1 8 21.44 8 1
FRNEVE 1 61.94 1 3 13.58 2 2
FRNIME 4 63.97 10 0 51.22 0 10
FRPERP 2 123.26 5 3 24.45 5 3
FRPOIT 1 29.58 1 3 31.46 4 0
FRPONT 3 63.04 0 5 16.61 4 1
FRRENN 4 74.05 2 2 51.25 0 4
FRROCH 1 62.95 1 7 42.18 8 0
FRROUE 1 34.20 13 1 59.70 3 11
FRSTET 2 71.17 1 8 27.90 0 9
FRTOUN 2 52.01 0 4 27.06 4 0
N=32 2.53 95.55 113 132 29.59 112 133
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Table S5: Proportion of variance explained by each of Weather Index (i.e., the ﬁrst axis of the Principal
Component Analysis (PCA) performed on mean temperature (°C) and rainfall (mm) for each month) used
as covariates in the Generalized Linear Mixed Models (GLMMs with Gaussian family and identity link) for
predicting annual airborne pollen amount and pollen synchrony (i.e., the interquartile range in number of
days of the cumulated daily airborne pollen amount) the year t.
Weather Index Proportion of variance explained (%) Weather variables captured
June Weather Index t−1 53.89 temperature (+) and rainfall (-)
July Weather Index t−1 65.09 temperature (+) and rainfall (-)
August Weather Index t−1 65.99 temperature (+) and rainfall (-)
September Weather Index t−1 55.43 temperature (+) and rainfall (-)
October Weather Index t−1 52.69 temperature (+) and rainfall (+)
November Weather Index t−1 66.94 temperature (-) and rainfall (-)
December Weather Index t−1 69.82 temperature (+) and rainfall (+)
January Weather Index t 73.45 temperature (-) and rainfall (-)
February Weather Index t 72.82 temperature (-) and rainfall (-)
March Weather Index t 55.48 temperature (+) and rainfall (-)
April Weather Index t (AWI t) 67.56 temperature (+) and rainfall (-)
May Weather Index t 59.26 temperature (+) and rainfall (-)
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Table S6: Summary of the Generalized Linear Mixed Model (GLMM with Gaussian family and iden-
tity link) performed on the screening dataset and selected using Akaike Information Criterion (AIC)
and model averaging thanks to the pdredge function of the MuMIn package1 of the R free software en-
vironment (v.3.4.3, http://cran.r-project.org) for predicting annual airborne pollen amount and
pollen synchrony (i.e., the interquartile range in number of days of the cumulated daily airborne pollen
amount) the year t. Only the weather variables that were included in the GLMMs associated to a delta
AIC less than 2 are shown in the table. The signiﬁcant variables are in bold characters.
Dependent variable Weather covariates Estimates SE t-value Pr(>|t|)
Airborne pollen amount t
(Intercept) 8.08 0.21 37.42 < 10−16
June Weather Index t−1 -0.027 0.040 0.67 0.49
July Weather Index t−1 -0.059 0.042 1.41 0.16
August Weather Index t−1 -0.034 0.040 1.02 0.40
October Weather Index t−1 0.026 0.043 0.59 0.55
November Weather Index t−1 -0.084 0.051 1.65 0.099
December Weather Index t−1 -0.072 0.049 1.49 0.14
January Weather Index t 0.022 0.041 0.54 0.59
April Weather Index t (AWI t) 0.13 0.045 2.83 0.0046
May Weather Index t 0.070 0.039 1.79 0.07
Pollen synchrony t
(Intercept) 2.29 0.069 33.19 < 10−16
June Weather Index t−1 -0.019 0.035 0.539 0.59
July Weather Index t−1 0.032 0.037 0.869 0.39
August Weather Index t−1 0.022 0.034 0.654 0.51
September Weather Index t−1 -0.11 0.037 2.93 0.0034
October Weather Index t−1 0.091 0.038 2.37 0.018
December Weather Index t−1 0.045 0.038 1.19 0.23
January Weather Index t -0.059 0.037 1.60 0.11
February Weather Index t 0.063 0.039 1.61 0.11
March Weather Index t 0.12 0.039 3.26 0.0011
April Weather Index t -0.053 0.038 1.39 0.16
1 Burnham, K.P. & Anderson, D.R. (2002). Model selection and multimodel inference: a practical
information-theoretic approach. 2nd ed. New York, Springer Verlag.
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Table S7: Summary of the Generalized Linear Model (GLM with Gaussian family and identity link),
performed on the validation dataset, for predicting the annual airborne pollen amount and pollen syn-
chrony (i.e., the interquartile range in number of days of the cumulated daily airborne pollen amount) the
year t (see Table S6 for a summary of the weather variables identiﬁed in the selected Generalized Linear
Mixed Model (GLMM with Gaussian family and identity link) performed on the screening dataset). The
signiﬁcant variables are in bold characters.
Dependent variable Weather covariates Estimates SE t-value Pr(>|t|)
Airborne pollen amount t
(Intercept) 8.88 0.34 26.10 < 10−16
Airborne pollen amount t−1 -0.15 0.046 -3.21 0.0015
April Weather Index t (AWI t) 0.25 0.057 4.40 1.61e-05
Pollen synchrony t
(Intercept) 2.42 0.23 10.45 < 10−16
September Weather Index t−1 -0.037 0.045 -0.82 0.41
October Weather Index t−1 -0.048 0.049 -0.87 0.37
March Weather Index t 0.077 0.055 1.40 0.16
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Table S8: Analysis of deviance (ANODEV) performed from the Generalized Linear Model (GLM with Gaussian family and identity link) for the annual
airborne pollen amount and pollen synchrony (i.e., the interquartile range in number of days of the cumulated daily airborne pollen amount) predicted the
year t. The proportion of the ‘year’ and ‘site’ effects that are captured by the Weather Index (WI) are indicated in the lines ‘site’ and ‘year’, respectively.
These proportions have been calculated as Devmod3−Devmod2Devmod3−Devmod1 and as
Devmod5−Devmod4
Devmod5−Devmod1 respectively, where DevmodX is the deviance value associated to the model
X (see the model reference numbers in the table). The part of observed variation in the airborne pollen amounts that is explained by the ‘year’, ‘site’ and WI
is indicated in the corresponding columns.
Models Df Resid. Df Deviance Resid. Dev R2(%) year (%) site (%) WI (%)
Airborne
pollen
amount t
10.6 36.4 12.8
NULL 270 192.66
Pollen t ~ Pollen t−1 1 269 34.10 158.56 17.70
Pollen t ~ Pollen t−1 + year + site 41 229 145.60 47.05 75.57
(1) Pollen t ~ Pollen t−1 + year + site + WI t 42 228 149.29 43.37 77.50
(2) Pollen t ~ Pollen t−1 + year + WI t 21 249 75.35 117.31 39.11
(3) Pollen t ~ Pollen t−1 + year 20 250 74.97 117.69 38.91
(4) Pollen t ~ Pollen t−1 + site + WI t 23 247 135.32 57.34 70
(5) Pollen t ~ Pollen t−1 + site 248 22 121.29 71.37 63
WI t (i.e., April Weather Index) 1.93
year 50.11
site 0.52
Pollen
synchrony t
13.30 43.64 3.51
NULL 270 616.13
Synchrony t ~ year + site 40 230 350.87 265.25 56.94
(1) Synchrony t ~ year + site + WI t 43 227 361.21 254.91 58.62
(2) Synchrony t ~ year + WI t 22 248 100.35 515.77 16.28
(3) Synchrony t ~ year 19 251 81.97 534.15 13.30
(4) Synchrony t ~ site + WI t 24 246 163.79 452.33 26.58
(5) Synchrony t ~ site 21 249 132.71 483.41 21.53
WI t (i.e., September WI, October WI and March WI) 1.68
year 13.60
site 0.065
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Table S9: Analysis of deviance (ANODEV) performed from the negative binomial Generalized Linear Model (NB GLM using a log link) predicting the
acorn abundance the year t (Fruit t). The proportion of the ‘site’ and ‘year’ effects that was captured by the April Weather Index (AWI) is indicated in the
lines ‘site’ and ‘year’, respectively. These proportions have been calculated as Devmod3−Devmod2Devmod3−Devmod1 and as
Devmod5−Devmod4
Devmod5−Devmod1 respectively, where DevmodX is the
deviance value associated to the model X (see the model reference numbers in the table). The part of observed variation in the airborne pollen amounts
that is explained by the ‘year’, ‘site’ and AWI is shown in the corresponding columns.
Models Df Resid. Df Deviance Resid. Dev R2 year (%) site (%) AWI (%)
Fruit t 7.11 7.23 7.35
NULL 389 606.69
Fruit t ~ Fruit t−1 1 388 2.47 604.22 0.4
Fruit t ~ Fruit t−1 + year + site 42 347 115.54 491.15 19.04
(1) Fruit t ~ Fruit t−1 + year + site + AWI t 43 346 131.60 475.09 21.69
(2) Fruit t ~ Fruit t−1 + year + AWI t 14 375 73.95 532.74 12.18
(3) Fruit t ~ Fruit t−1 + year 13 376 63.30 543.39 10.48
(4) Fruit t ~ Fruit t−1 + site + AWI t 31 358 66.26 540.43 10.92
(5) Fruit t ~ Fruit t−1 + site 30 359 33.37 573.32 5.50
AWI t 2.64
year 33.48
site 15.59
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Table S10: Model selection using the Akaike Information Criterion (AIC) between the logistic model
and polynomial regression models of degree 1, 2 and 3 for the relationship between the means of
April Weather Index (AWI) (or means of April Temperature (AT)) and means of pollen (i.e., yearly
amount of oak airborne pollen) (see Pollen columns), and means of fruit (acorn abundance) (see Fruit
columns). For pollen, data collected yearly for 22 years at each of the 44 sites were ranked according
to their corresponding AWI (or AT) values, then sets of 14 consecutive values were made to compute
means of airborne pollen amount (in all 518 site·year combinations available). The same was done
for acorn data (in all 420 site·year combinations available), except that means were computed on sets
of 12 consecutive values. Logistic regression was the best model (bold characters) to describe the
mean relationships between AWI (or AT) and pollen (Fig. 3a) and between AWI (or AT) and oak
acorns (Fig. 3b).
Models AWI AT
Pollen Fruit Pollen Fruit
Logistic -120.55 -56.17 -92.38 -78.52
First order polynomial -97.17 -47.89 -81.49 -63.98
Second order polynomial -104.96 -55.55 -79.91 -70.04
Third order polynomial -109.21 -54.27 -91.88 -77.69
Table S11: Summary of the Generalized Linear Mixed Model (GLMM with Gaussian family and
identity link) with the amount of airborne pollen as the log-transformed dependent variable and pollen
synchrony (i.e., the interquartile range 25%-75% in number of days of the cumulated daily airborne
pollen amount) the year t as covariate, and with the ‘site’ and ‘year’ factors as random effects.
Covariates Estimates SE t-value Pr(>|t|)
(Intercept) 7.86 0.072 107.38 <10−16
Pollen synchrony t 0.0073 0.0054 1.34 0.18
Table S12: Summary of the negative binomial Generalized Linear Models (NB GLMs using a log
link) predicting the acorn abundance the year t (Fruit t) used to test the effect of the weather variables
correlated with pollen synchrony (i.e., the interquartile range in number of days of the cumulated
daily airborne pollen amount) (Model 1) and the effect of April Weather Index (AWI) correlated with
the amount of airborne pollen (Model 2). In the ‘Model 1’ the dependent variable is the residuals of
the following model: Fruit t ~ Fruit t−1 + year + site + AWI t , whereas in the ‘Model 2’ the dependent
variable is the residuals of the following model: Fruit t ~ Fruit t−1 + year + site + March Weather
Index t + October Weather Index t−1 + September Weather Index t−1. The signiﬁcant effects are
indicated in bold characters.
Covariates Estimates SE t-value Pr(>|t|)
Model 1
(Intercept) 0.42 0.050 7.46 < 10−16
March Weather Index t 0.041 0.058 0.71 0.48
October Weather Index t−1 0.064 0.047 1.37 0.17
September Weather Index t−1 -0.052 0.061 -0.88 0.37
Model 2
(Intercept) 0.40 0.054 7.38 9.6e-13
AWI t 0.11 0.049 2.15 0.032
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Fig. S1: Spatial distribution of the 44 pollen-sampling sites surveyed by the RNSA (Réseau Na-
tional de Surveillance Aérobiologique, France). The ﬁrst 22 survey sites represented by a square
symbol were used to identify period and weather variables that were correlated to the annual oak
airborne pollen amount or to the pollen synchrony (i.e., the interquartile range in number of days of
the cumulated daily airborne pollen amount) using Generalized Linear Mixed Model (GLMM with
Gaussian family and identity link)) (see Appendix S3 for more details). Using the last 22 survey sites
represented by a circle, hypothesis tests and analyses of deviance have been performed to test the
robustness of the periods and weather variables identiﬁed with the GLMM. The corresponding GPS
coordinates are indicated in Table S1.
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Fig. S2: Spatial distribution of the 30 survey acorn-sampling sites made by the RENECOFOR
(Réseau National de suivi à long terme des ECOsystèmes FORestiers de l’ONF (Ofﬁce National
des Forêts)) in France. The characteristics of the acorn-sampling sites are indicated in the Table S2.
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Fig. S3: Logistic response of the acorn production to the April mean Temperature (AT) for Quercus
petraea (a) and Q. robur (b). The ﬁtted acorn data were computed as relative fruit abundance (i.e.,
the ratio of the value at any given year at one site to the maximum value ever found at that site). The
acorn data collected yearly for 14 years at each of the 19 sites for Q. petraea and 9 sites for Q. robur
(see Table S2) were ranked according to their corresponding AT values, then sets of 6 consecutive
values for Q. petraea and 4 for Q. robur were made to compute means and SD (black dots and their
interval segments). Shaded areas show the 95% conﬁdence interval of the model estimates.
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Fig. S4: Model outputs compared to empirical datasets for oak airborne pollen amounts and acorn production. Same legend as Fig. 4 in main text, except
for the x-axis of the panels e-k for which April Weather Index (AWI) replaced April mean Temperature (AT).
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Fig. S5: Model outputs compared to empirical datasets for oak airborne pollen amounts and acorn production, with 2 as the DC average value. Same
legend as Fig. 4 in main text.
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Fig. S6: Model outputs compared to empirical datasets for oak airborne pollen amounts and acorn production, with 8 as the DC average value. Same
legend as Fig. 4 in main text.
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Fig. S7: Distribution of the median date of the oak pollen released each year (1994-2015) at each of
the 44 surveyed pollen-sampling sites. The median date is calculated in Julian Day (i.e., the number
of days from January 1st of each year). Median dates mostly occurred in second half of April (the
interquartile range corresponding to 113 and 124 Julian days).
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Fig. S8: Relationships between the April Weather Index (AWI) and each of two weather variables:
(a) mean temperature (°C) and (b) rainfall (mm) in April. Each point represent one year at one site
(518 site·year combinations).
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Fig. S9: Non signiﬁcant relationship between the annual oak airborne pollen amount and pollen
synchrony (i.e., the number of days corresponding to the interquartile range of the cumulated daily
airborne pollen amount used as a proxy of the duration of the seasonal spreading of airborne pollen
and then as a proxy of the synchrony level of pollen release among trees) (R2 = 0.0015).
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Fig. S10: Effect of the logistic shape of the pollination function that links fruit set to oak airborne
pollen amounts on both pollen- and fruit-CVp (population Coefﬁcient of Variation). Venner et al.
(2016) introduced in their Resource Budget Model (RBM) a logistic shape for the pollination func-
tion to capture both dilution and saturation effect at low and high pollen availability, respectively.
Here, complementary to their study, we showed that the logistic nature of the pollination function
(as compared with linear function) allows generating high increase in the acorn-CVp (b) relatively to
pollen-CVp (a), consistent with ﬁeld observations (see Fig. 4d in main text).
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Fig. S11: Comparison between observed and simulated data concerning the impact of spring weather
condition on oak airborne pollen amounts and fruit production. The annual airborne pollen amount
(a,c,e) and fruit production (b,d,f) both increased following logistic function with mean April Weather
Index (AWI) (a,b). Empirical data used in the Generalized Linear Mixed Model (GLMM with Gaus-
sian family and identity link) and Generalized Linear Model (GLM with Gaussian family and identity
link) are shown in panels (a) and (b). For the purpose of comparing empirical and simulated data,
we computed relative empirical pollen (or acorn) data (between 0 and 1) by dividing each annual air-
borne pollen (or acorn) data at a given site by the maximum value recorded at that pollen- (or acorn-)
sampling site between 1994 and 2015 (c, d). We did the same way for simulated data (e, f).
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Fig. S12: Effect of April mean Temperature (AT) on the amount of airborne pollen and fruit produc-
tion, considering either logistic (a, c, e) or linear (b, d, f) relationship between AT and the Pollen
Diffusion Coefﬁcient (PDC) (see equation 6 in Appendix S4). The amount of airborne pollen and
fruit production were less sensitive to AT when linear relationship between PDC and pollen was used
(b, d, f) as compared with the logistic one (a, c, e). The logistic response of pollen availability for
reproduction to AT might make the fruiting dynamics highly sensitive to even weak variation in spring
weather conditions, and thus to climate change.
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3. Annexes du chapitre 2
Appendix S1 : Resource Budget Model (RBM)
We developed a RBM largely inspired of Schermer et al., 2019. In this new version, we
accounted for pollen phenology which determines both the exposure to intense frost that may
act as environmental veto inducing fruiting failure, and the spring weather conditions at time of
pollen release and aerial diffusion that may affects the pollination success.
1. Modeling tree resource dynamics
We modeled a forest composed of a large number of trees of the same species, where each
tree x occupies a distinct location on a two-dimensional grid, the trees being regularly distri-
buted on this grid. Sx(t) is the level of internal resource reserves of tree x at the beginning of
year t. Every year, each tree accumulated a ﬁxed amount of resources from photosynthesis, Ps.
Tree x allocates to ﬂowering a given amount of resources depending on the level of its reserve
according to a logistic function f (Sx(t)+Ps). From previous work (Venner et al., 2016) the de-
pletion coefﬁcient (DC) is the product of three biological components (DC = FA ·MFS ·FFR),
where:
• FA (Female ﬂower Allocation) is the proportion of resource allocated to female ﬂowers
(respectively 1-FA for pollen);
• MFS (Maximum Fruit Set) corresponds to the maximum proportion of pollinated female
ﬂowers that successfully mature into fruit without any pollen limitation, and allows ac-
counting for ﬂower abscission or fruit abortion commonly observed in perennial plants
and independent of any pollen limitation (Holland et al., 2004 ; Stephenson, 1981);
• FFR (Fruiting-to-Flowering resource demand Ratio) corresponds to the ratio of the re-
sources required to produce one mature fruit to that required for one sexually operational
female ﬂower.
As in Venner et al., 2016’s study, we set 0.5 as a ﬁxed value for FA, considering that the resource
allocation to ﬂowering is equal between the sexes (Norton & Kelly, 1988). MFS and FFR values
were estimated from a ﬁeld survey of 117 oak trees belonging to 13 populations distributed
throughout metropolitan France (see Venner et al., 2016 for more details). From these empirical
data, MFS was set to 0.8, and FFR was estimated for each surveyed tree using either dry mass,
carbon or nitrogen contents (see Venner et al., 2016 for more details). FFR was found to ﬁt a
log-normal distribution with a mean value of 12.3 (SD = 1.8). Then, we estimated the DC value
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for each surveyed tree by calculating the product between these three biological components
of which two were estimated empirically. Using the ﬁtdistrplus package (Delignette-Muller &
Dutang, 2015), we found that the estimated DC values best ﬁtted a log-normal distribution
(with a mean of 5 and a standard deviation of 1.8). We accounted for the variability in DC
values observed among trees by assigning a DC value randomly sampled in this distribution
to each tree. The amount of resource allocated each year by tree x toward fruiting was then
DC · f (Sx(t)+Ps). Successful fruiting might be followed by large resource depletion, which
would force the tree to recover its reserves over several years before ﬂowering again. Overall,
the relative resource reserve of the tree x at the onset of year t + 1, once standardized per Ps
unit (the ﬁxed amount of resources gained yearly through photosynthesis), can be computed as
follows :
Yx(t+1) = Yx(t)− f (Sx(t)+Ps)(1+FA ·MFS ·FFR)+1 with Yx = Sx(t)+PsPs (1)
We further enhanced this basic dynamic equation by accounting for out-cross pollination
(see section 2) and by introducing environmental stochasticity in the amount of resources ac-
quired yearly by individual trees (i.e. Ps). As a result, equation (1) becomes :
Yx(t+1) = Yx(t)− f (Sx(t)+Ps)(1+FA ·MFS ·FFR ·Px(t))+ εx+1 (2)
where Px(t) is the pollination success of the tree x, and εx(t) is the error that results from
individual tree variation added to population-wide yearly variation (see Satake & Iwasa, 2002b
for details).
2. The out-cross pollination process
Our RBM included a pollen limitation function (see section 5) precluding self-pollination
(Satake & Iwasa, 2000), because resource dynamics do not induce fruiting synchrony among
trees, and because pollination efﬁciency overall depends on the amount of out-cross pollen
available (nilsson1987seed ; Smith et al., 1990). The number of acorns produced by a single
tree in any given year, therefore, depends not only on the number of female ﬂowers it produces
but also on the amount of exogenous pollen available, which itself depends on the number of
neighboring trees and on the total amount of pollen they produce (see section 3).
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3. Determining the set of neighboring trees that might pollinate a focal tree
The model was spatially explicit with trees regularly distributed on a two-dimensional
square grid deﬁned as a tore to avoid edge effects. The distance between two trees located
at (x1, y1) and (x2, y2) respectively, was calculated using the Moore neighborhood method. Any
tree distant from the focal tree x by less than a threshold value D could pollinate this tree x ;
this situation occurred whenever max(|x1 − x2|, |y1 − y2|) ≤ D. At one extreme case (D = 1),
only the eight trees immediately adjacent to the focal tree on the grid could pollinate it, while at
the other extreme case, the whole forest could potentially contribute to pollinate the focal tree.
How D impacted fruiting had been explored elsewhere (Satake & Iwasa, 2002b), we exclusively
considered an intermediate situation where only trees distant, in the sense of Moore, from the
focal tree by less than 5 units on the grid (which encompasses 120 neighboring trees) could
pollinate it.
4. Determining the relative amount of out-cross pollen available for a focal tree
For each tree, we calculated the relative pollen production, as the ratio of the amount of
pollen it actually produced to the maximum amount it would have produced if the level of
reserve was equal to the total resources acquired through photosynthesis at the beginning of the
focal year. For a given focal tree x, we computed the Pollen Availability Index (PAI, comprised
between 0 and 1) as the summed relative pollen produced yearly by its z neighboring trees:
PAIx(t) =
1
z
z
∑
y=1
max(Yy(t),0) (3)
5. The pollen limitation function
Following Satake & Iwasa, 2000, the pollination success of tree x, Px(t), was introduced
in the model to account for out-cross pollen limitation on reproduction. In our model, fruiting
success depended on a logistic out-cross pollination function linking the amount of out-cross
pollen available and pollination success. This means that, at any year t, the probability Px(t)
for a female ﬂower of tree x to become a mature fruit increases following a logistic function
with pollen availability PAIx(t). This logistic model allows integrating a dilution and saturation
effects at low and high pollen availability, respectively (see Venner et al., 2016.
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6. Accounting for environmental stochasticity
There is empirical evidence that trees, even when they are distant from each other, repro-
duce synchronously partly because they experience similar environmental ﬂuctuations (Koenig
& Knops, 1998 ; Koenig & Knops, 2000 ; Koenig & Knops, 2013). As did Satake & Iwasa,
2002a, an environmental noise εx(t) was introduced into our model to account for the fact that
the resources gained from photosynthesis by the tree x may differ from one year to the next, due
to (i) climatic variations that evenly affect all the trees in the population and (ii) to ﬁne-scale en-
vironmental differences (e.g., soil characteristics, available nutrients, water supply) exclusively
affecting the tree x. Here, εx(t) accounts for individual stochastic variation in the resources ac-
cumulated by the tree x at the onset of the reproductive season t ; it can depart from the average
population noise εpop which itself may vary from one year to the next, so that :
εx(t)∼N (εpop,σenv
√
1−Syenv) with εpop ∼N (0,σenv
√
Syenv) (4)
Syenv is the environmental synchrony among trees and is deﬁned as the proportion of the total
environmental variance (σ2env) due to population-scale variance. The Moran effect has been well
studied elsewhere (see Satake & Iwasa, 2002b, so in our model, we ﬁxed intermediate values
for σenv and Syenv (0.2 and 0.5, respectively). Environmental stochasticity, by affecting the
resources gained by trees, indirectly impacts the amount of out-cross pollen produced yearly.
We then modiﬁed equation (3) to introduce this stochasticity into the pollen availability index
as followed :
PAIx(t) =
1
∑zy=1[1+ εy(t−1)]
z
∑
y=1
max(Yy(t),0) (5)
7. Pollen available for pollination : accounting for spring weather conditions around bud-
burst date
Each year, the mean temperature value (Tmean) during the month following bud-burst date
was drawn from a normal distribution established empirically for each site (see section 9).
From the Tmean value, a coefﬁcient weighting pollen release and aerial diffusion called he-
reafter ‘Pollen Diffusion Coefﬁcient’ (PDC), between 0 and 1, allowed correcting downward
the amount of out-cross pollen available for trees. PDC was logistically related to Tmean as
follows :
PDC = 0.45+
0.55
1+ e−1.4·(Tmean−11.5)
(6)
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This logistic function (equation 6) allowed taking into account the best-ﬁtted logistic rela-
tionship between the airborne pollen amount and the Tmean (see Figure3a in Schermer et al.,
2019) and to ensure that PDC tended toward 1 when the Tmean is high.
Finally, the PAI calculated in equation (5) became :
PAIx(t) = PAIx(t) ·PDC (7)
For each tree x, the Resource Allocation towards Fruiting (RAF) can be calculated, as fol-
lows :
RAF = FA ·MFS ·FFR · f (Sx(t)+Ps) ·Px(t) (8)
Assuming that the number of fruits cannot realistically tend toward inﬁnity, a saturation
function for RAF was introduced in such a way that a tree cannot allocate more than the entire
resources acquired, on average, in a given year by photosynthesis :
RAFcorrected =
RAF
RAF
2 +1
(9)
Then equation (2) of our RBM became :
Yx(t+1) = Yx(t)− f (Sx(t)+Ps)−RAFcorrected+ εx(t)+1 (10)
8. Fruiting failure : accounting for intense frost (environmental veto)
Each year, a minimum temperature values (Tmin) during the month before the bud-burst
date was drawn from a normal distribution established empirically for each site (see section 9).
We consider that there is some variability between trees in their exposure to late frost (George
et al., 2015). From the Tmin value, we calculated the proportion p of trees which are exposed to
a temperature below -5°C (the threshold value under which the environmental veto occur, see
empirical results in Tables S7.Chap2 and S8.Chap2), as follows :
p =
∫ −5
−∞
f (Tmin)dTmin (11)
where f is a gaussian function (Tmin value as the mean and 0.5 as the standard deviation
which is compatible with variability recorded in temperate forest for mean temperature around
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0°C (George et al., 2015).
Accounting for the effect of environmental veto (i.e. intense frost) on fruiting success of the
individual tree x, equation (10) becomes :
Yx(t+1) = Yx(t)− f (Sx(t)+Ps)−RAFcorrected×Vx(t)+ εx(t)+1 (12)
where Vx(t) is the proportion of trees that are not impacted by environmental veto. Vx(t) is
equal to 1 in case of no intense frost occurrence, and 0.05 in case of intense frost occurrence
during the month before the bud-burst date. Such veto intensity was determined from empirical
data by calculating the ratio between fruiting intensity associated to site · year when the mini-
mum temperatures (during the month before the bud-burst date) was below -5°C and the fruiting
intensity associated with site · year when minimum temperatures where above -5°C.
9. Simulation accounting for variability of weather conditions between tree populations
We simulated fruiting dynamics in a set of 30 distinct populations equivalent to the survey
fruit-sampling sites. First, to account for the variability observed among tree populations in
the Tmean and Tmin values, we established for each of the 30 survey fruit-sampling sites its
Tmean and Tmin normal distribution from weather data on the 1959-2012 period from the
daily meteorological data from the SAFRAN application (see Material and methods section).
For this purpose, we determined for each of our 30 empirical fruit-sampling sites (FigureS1
and Table S2) the March mean temperature to estimate the bud-burst date, then the minimum
temperature and mean temperature (°C) during the month before, and the month after the bud
burst date, respectively. We then ﬁtted a normal distribution for the Tmean and Tmin for each
given fruit-sampling sites using the ﬁtdist function from the ﬁtdistrplus package (Delignette-
Muller & Dutang, 2015), and implemented them in our model. Second, because a variability of
pollination efﬁciency (VPE) can occur between sites independently of the weather conditions
(e.g., in function of tree density), we introduced this source of variation in the model (see Venner
et al., 2016) for sensitivity analysis of masting to pollination efﬁciency). For each of the 30
simulated tree populations, the pollination success Px(t) varied following a logistic function
with the pollen availability PAIx(t), as follows :
Px(t) =
1
1+VPE · e−12·PAIx(t) with VPE ∼ log-N (7,1) (13)
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To examine the impact of pollen phenology on fruiting dynamics we tested four distinct
pollen phenology scenarios : current phenology, early phenology (i.e. 15 days early) and late and
very late phenology (i.e. 15 days and 1 month late, respectively). Tmin and Tmean distributions
are then determined by shifting the bud-burst date each year for each site.
10. Model processing and model outputs : fruit population Coefﬁcient of Variation (CVp),
deterministic and stochastic components of masting
To characterize the fruiting dynamics, we calculated the CVp, the deterministic component
of masting PL/M which is the probability for a lean-seeding year (L) to follow a mast-seeding
year (M), and the stochastic component P‘barM/L of masting which is the probability of having
anything but mast-seeding event (M¯) the year following a lean-seeding year (L) at the population
scale. From these simulated data, we displayed the cumulative frequency curves from the 30
fruit-CVp, the deterministic and stochastic component. Finally, we ran 100 simulations for each
of the 30 simulated population-sites and we drawn the 95% credible interval. In our model,
we used a square grid of 400 trees. All simulations were run following an algorithm developed
in C++. Each simulation lasted 2,000 time steps (years), but only the last 100 years were used
(independent from initial conditions).
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Table S1.Chap2 – Characteristics of the 43 pollen-sampling sites widespread across metropolitan France
and surveyed from 1994 to 2015 by the RNSA (Réseau National de Surveillance Aérobiologique, France).
The pollen-sampling sites are indexed on the map (Figure 1.Chap2a) by their number indicated in the column
‘N°’. The GPS coordinates (latitude and longitude) are indicated in the corresponding columns ‘Lat’ and
‘Long’. The associated columns ‘Q. ilex’, ‘Q. petraea’, ‘Q. robur’, ‘Q. pubescens’, ‘Q. suber’, ‘Q. rubra’,
‘Q. pyrenaica’ correspond to the cover rate (%) of each of these Quercus species present around the pollen-
sampling sites within a 50 km radius.
N° Lat Long Q. ilex Q. petraea Q. robur Q. pubescens Q. suber Q. rubra Q. pyrenaica
1 43.53 5.43 17 0 0 17 0 0 0
2 41.91 8.73 25 1 0 1 0 0 0
3 49.90 2.30 0 3 7 0 0 1 0
4 45.90 6.11 0 5 1 2 0 0 0
5 46.20 6.25 0 4 2 1 0 0 0
6 44.91 2.45 0 8 16 1 0 0 0
7 43.95 4.81 25 0 0 18 0 0 0
8 43.48 -1.48 0 1 21 1 1 1 3
9 47.25 6.03 0 14 7 0 0 0 0
10 44.83 -0.56 0 1 13 1 0 0 1
11 46.20 5.21 0 12 7 3 0 1 0
12 48.40 -4.48 0 5 22 0 0 2 0
13 49.18 -0.35 0 11 16 0 0 1 0
14 46.78 4.85 0 23 16 1 0 1 0
15 45.56 5.93 0 6 1 2 0 0 0
16 47.06 -0.88 0 14 23 1 0 2 0
17 45.78 3.08 0 11 11 2 0 0 0
18 47.31 5.01 0 23 11 2 0 0 0
19 48.00 -2.00 0 10 18 0 0 2 0
20 46.66 -1.43 2 9 27 0 0 1 0
21 50.63 3.06 0 2 18 0 0 1 0
22 45.75 4.85 0 15 6 3 0 1 0
23 43.30 5.40 18 0 0 12 0 0 0
24 49.13 6.16 0 9 14 0 0 0 0
25 43.60 3.88 27 0 1 10 1 0 0
26 46.33 2.60 0 23 25 1 0 1 0
27 48.68 6.20 0 11 11 0 0 0 0
28 47.21 -1.55 0 11 28 0 0 1 3
29 46.98 3.16 0 35 20 1 0 1 0
30 43.70 7.25 4 0 0 13 1 0 0
31 43.83 4.35 28 0 1 9 0 0 0
32 47.92 1.90 0 16 24 0 0 1 1
33 48.86 2.33 0 20 11 1 0 0 0
34 43.30 -0.36 0 2 24 1 0 1 1
35 48.06 -2.98 0 5 18 0 0 1 0
36 49.25 4.03 0 10 11 0 0 0 0
37 48.08 -1.68 0 15 21 0 0 2 0
38 49.43 1.08 0 17 9 0 0 1 0
39 48.49 -2.75 0 5 19 0 0 1 0
40 48.58 7.75 0 7 3 0 0 1 0
41 43.11 5.93 19 0 0 13 6 0 0
42 47.38 0.68 0 22 16 4 0 0 0
43 48.30 4.08 0 21 14 0 0 0 0
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Table S2.Chap2 – Characteristics of the 30 acorn-sampling sites widespread across metropolitan
France and surveyed from 1994 to 2007 by the ONF (Ofﬁce National des Forêts, France). The
acorn-sampling sites are indexed on the map (Figure ??) by their number indicated in the column
‘N°’. The GPS coordinates and the altitude are indicated in the corresponding columns ‘Latitude’,
‘Longitude’, and ‘Altitude (m)’. The number of trees sampled to determine the relative abundance
of each species within forest stands is indicated in the column ‘Number of sampled trees’. The
associated columns ‘Q. robur (%)’ and ‘Q. petraea (%)’ correspond to the relative percentage of
these two oak species in the forest stand.
N° Latitude Longitude Altitude (m) Number of sampled trees Q. robur (%) Q. petraea (%)
1 47.25 2.12 176 93 0 100
2 49.37 1.50 175 74 0 100
3 48.87 6.48 315 79 0 100
4 49.40 2.30 55 60 12 88
5 47.69 7.47 256 56 0 100
6 44.05 1.75 300 121 0 100
7 46.63 0.50 116 100 0 100
8 48.03 6.04 330 72 0 100
9 48.35 4.30 115 77 100 0
10 43.74 -0.84 20 128 98 2
11 47.46 0.03 57 87 100 0
12 47.87 6.21 240 116 100 0
13 46.97 5.24 190 145 100 0
14 46.83 2.57 175 75 100 0
15 48.45 2.72 80 52 48 52
16 46.17 5.24 260 102 0 100
17 46.67 2.73 260 95 0 100
18 48.30 4.46 160 89 3 97
19 47.08 5.08 220 84 2 98
20 48.18 -1.53 80 76 1 99
21 47.57 1.26 127 99 0 100
22 49.03 4.96 180 61 0 100
23 49.02 7.46 320 116 0 100
24 46.97 3.66 270 93 0 100
25 48.52 0.68 220 108 0 100
26 47.80 0.38 170 129 0 100
27 49.02 5.77 220 108 0 100
28 50.17 3.75 149 57 100 0
29 43.20 -0.04 370 70 100 0
30 48.99 7.73 350 unknown unknown unknown
Table S3.Chap2 – Summary of the linear model performed for predicting bud-burst date the year
t from March mean daily temperatures. The bud-burst date is negatively correlated to the March
mean daily temperatures (R2 = 0.41).
Estimate SE t-value p-value
Intercept 134.05 2.53 52.97 < 10−16
March mean temperatures -4.72 0.34 -13.68 < 10−16
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Table S4.Chap2 – Proportion of variance explained by the ﬁrst principal component (PC) of the
Principal Component Analysis (PCA) performed on mean temperature (°C) and cumulated rain-
fall (mm), in both temperate and Mediterranean region, for several periods in the spring (March,
April and May for calendar periods, and two weeks and one month centered on median date of
pollen released (i.e. the day when 50% of the annual airborne pollen amount has already been
released)). Each of PC is positively correlated to mean temperature and negatively correlated to
rainfall (see Figure S10.Chap2 for an example with April), and were used as covariates in the Ge-
neralized Linear Mixed Models (GLMMs with Gaussian family and identity link) for predicting
log-transformed airborne pollen amount in both regions (see Table S5.Chap2)
Periods Temperate region Mediterranean region
March 53.72 % 58.68 %
April 70.56 % 71.32 %
May 61.44 % 56.66 %
Two weeks centered on median date 56.52 % 61.19 %
One month centered on median date 50.49 % 50.29 %
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Table S6.Chap2 – Model selection using the Akaike Information Criterion (AIC) between the va-
rious Generalized Linear Mixed Models (GLMMs) with log-transformed airborne pollen amount
as the dependent variable, the lag-1 year autocorrelation of airborne pollen amount as covariates,
and considering the factors ‘site’ and ‘year’ as random effects (see column AIC 0), and with the
ﬁrst Principal Component in April (see Tables S4.Chap2, S5.Chap2) (see column AIC 1), or with
directly the mean April temperatures (see column AIC 2) (see Figure S10.Chap2 for the relation-
ship between the ﬁrst PC in April and the April temperature). Each of the 100 rows corresponds
to a random draw of eight sites (i.e. similar number of sites as for the ‘mediterranean’ category)
among the thirty-ﬁve sites from the ‘temperate’ category. The ﬁrst PC in April and April tempe-
rature were signiﬁcant in 98% and 99% of the draws, respectively. The AIC values were lower in
the model accounting for April temperature (AIC 2) than the model accounting for the ﬁrst PC in
April (AIC 1) in 71% of the draws.
N° AIC 0 AIC 1 AIC 2
1 171 167 159
2 186 179 179
3 153 146 148
4 185 180 176
5 214 208 206
6 164 153 156
7 191 177 174
8 118 114 111
9 149 142 141
10 134 129 131
11 184 176 175
12 171 161 160
13 171 166 163
14 133 132 131
15 170 166 163
16 202 194 193
17 150 138 138
18 201 188 195
19 185 179 175
20 209 199 200
21 126 121 119
22 167 158 159
23 182 174 172
24 136 136 133
25 160 159 157
26 183 179 179
27 164 162 164
28 170 168 161
29 144 141 142
30 128 119 112
31 186 181 175
32 192 185 187
33 144 141 137
34 144 144 140
N° AIC 0 AIC 1 AIC 2
35 166 162 163
36 166 161 158
37 167 157 156
38 154 144 141
39 165 162 162
40 157 146 141
41 163 160 159
42 171 163 158
43 144 144 142
44 174 172 169
45 138 131 134
46 163 160 156
47 169 161 164
48 177 174 173
49 210 200 199
50 172 159 157
51 171 160 164
52 162 154 152
53 195 187 186
54 173 171 171
55 138 133 128
56 124 117 115
57 175 172 168
58 121 121 113
59 137 160 131
60 160 155 157
61 137 137 136
62 128 121 124
63 225 220 217
64 183 174 175
65 125 125 124
66 171 168 167
67 141 140 140
68 154 149 141
N° AIC 0 AIC 1 AIC 2
69 177 164 168
70 211 198 195
71 165 156 157
72 181 178 177
73 172 167 163
74 147 140 140
75 158 157 150
76 127 120 112
77 120 110 110
78 182 178 177
79 170 161 157
80 168 165 165
81 175 174 174
82 199 192 195
83 155 150 152
84 165 159 162
85 156 157 157
86 185 181 179
87 127 120 111
88 165 163 158
89 204 195 192
90 178 175 174
91 158 153 151
92 142 138 133
93 168 163 163
94 170 165 163
95 181 176 174
96 161 157 156
97 169 162 164
98 173 164 158
99 161 156 158
100 184 176 175
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Table S9.Chap2 – Model selection using the Akaike Information Criterion (AIC) between the
logistic model and polynomial regression models of degree 1 and 2 for the relationship between
airborne pollen amount and mean April temperature (see Figure 2.Chap2a, ﬁrst column of ‘Pollen’
column) ; airborne pollen amount (see Figure 3.Chap2a and see second column of ‘Pollen’ column)
or acorn production (see Figure 3.Chap2b and see ‘Fruit’ column) and mean temperatures during
the month after the bud-burst date. Logistic regression was the best model (bold characters).
Pollen Fruit
Logistic 5215 5229 6121
First order polynomial 5224 5230 6147
Second order polynomial 5226 5232 6128
(a) (b)
Figure S1.Chap2 – Spatial distribution in temperate region of the (a) 30 acorn-sampling sites sur-
veyed by the ONF (Ofﬁce National des Forêts, France) and (b) 35 pollen-sampling sites surveyed
by the RNSA (Réseau National de Surveillance Aérobiologique, France). The sites represented by
a square symbol were used to identify period and weather variables that were correlated to the frui-
ting intensity and/or airborne pollen amount using Generalized Linear Mixed Models (GLMMs).
Using the sites represented by a circle, hypothesis tests have been performed using Generalized
Linear Models (GLMs) to test the robustness of the periods and weather variables identiﬁed with
the GLMM. The corresponding GPS coordinates are indicated in Tables S2.Chap2 and S3.Chap2
for acorn- and pollen- sampling sites, respectively.
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Figure S3.Chap2 – Model outputs with 0.2 and 0.8 as the threshold values determining a lean-
seeding year (<0.2) and a mast-seeding year (>0.8). Same legend as Figure 4.Chap2 in main text.
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Figure S4.Chap2 – Model outputs with 0.4 and 0.6 as the threshold values determining a lean-
seeding year (<0.4) and a mast-seeding year (>0.6). Same legend as Figure 4.Chap2 in main text.
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Figure S5.Chap2 – Relationships between mean of median date of oak pollen released and the
latitude. Pollen release periods is all the earlier as the pollen-sampling sites in temperate region
are to the south of France. In mediterranean region, although the pollen-sampling sites are the
southernmost in the survey pollen network, period of pollen release is later than in temperate
region. Means and SD (dots and their interval segment) were computed from the median date of
pollen released in julian days of each year from 1994 to 2015 for each pollen-sampling site.
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Figure S6.Chap2 – Deviance proﬁle from the ‘threshold model’ (Huber, 1964) applied to the
logistic relationships between mean airborne pollen amount and mean April temperature in tem-
perate region (see Figure 2.Chap2a). The threshold value was determined by maximum likelihood
estimation over a grid of values between 8°C and 16°C in interval of 1°C and are associated to the
minimum deviance. Here, the threshold value is 13°C (represented by a full black circle), respec-
tively, and corresponds to the temperature value above which airborne pollen amount is high and
independent of April temperatures in temperate region.
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Figure S7.Chap2 – Impact of temperatures during pollen release and aerial diffusion on airborne
pollen amount depending on temperate and mediterranean regions. (a) In temperate region, air-
borne pollen amount increased following a logistic function with the April temperatures (°C) (Fi-
gure 2.Chap2a ; Tables S5.Chap2, S6.Chap2 and S9.Chap2). (b) For mediterranean region, ﬂuc-
tuation of spring temperatures (i.e. mid-April to mid May temperatures) did not affected airborne
pollen amount (Figure 2.Chap2b ; Tables S5.Chap2, S6.Chap2 and S9.Chap2).
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Figure S8.Chap2 – Relationships between the (a) airborne pollen amount and (b) acorn production
with the temperatures (°C) during the month after bud-burst date. Both pollen and acorn increased
following a logistic function with the temperatures (see Table S9.Chap2).
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Figure S9.Chap2 – Comparison of the distribution of the minimum temperatures in March (i.e.
the calendar period before the pollen release and aerial diffusion) between temperate region (a)
and Mediterranean region (b).
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Figure S10.Chap2 – Relationships between the ﬁrst Principal Component in April and each of two
weather variables : (a) mean temperature (°C) and (b) rainfall (mm) in April. Each point represent
one year at one site (429 site · year combinations).
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A B S T R A C T
Masting, or mast-seeding, deﬁned as a synchronized and highly variable seed production from year-to-year
within a population of plants, is one of the most common example of pulsed resources in terrestrial ecosystems.
In oaks, the dramatic ﬂuctuations of acorn production impact its reproductive success and regeneration, the
dynamics of a large diversity of seed consumers that rely on it, and, by cascade eﬀects, the dynamics of the entire
forest community. However, reproductive eﬀort is diﬃcult to quantify and there is therefore an urgent need of a
reliable assessment of the dynamic of acorn production based on a low-cost, unbiased, and robust tool. One of
the most commonly used method, the “visual on-tree” method, is very easy and quick to carry out, but is biased
under high seed production or when branches are diﬃcult to see. We here assessed the robustness of an al-
ternative method, the “ground plot” (GP), based on a unique annual ground survey after peak of acorn fall,
which has not been tested so far. We compared this method at tree and site levels (10 forests throughout France)
with the costly and time-consuming trap acorn collection (TNR) method (used here as a reference method). We
show that results from the GP method closely matched with those obtained using the TNR method, which
demonstrates the eﬃciency and robustness of the GP method at both tree and forest site levels. Despite some
limitations in speciﬁc environmental contexts we review, this GP method oﬀers a powerful tool to quantify acorn
production and should be deployed to understand mechanisms underlying oak masting and/or to assess its
ecological or economic consequences.
1. Introduction
The dynamics of many terrestrial and aquatic ecosystems are
characterized by pulsed resources, typically deﬁned as low fre-
quency, large magnitude, and short duration episodes of increased
resource availability (Yang et al., 2008, 2010). These events are
known to aﬀect a wide range of communities at multiple trophic
levels (i.e. individual, population and community) (Ostfeld and
Keesing, 2000; Schmidt and Ostfeld, 2008). Masting, or mast-seeding
in perennial plants, which involves the synchronous production of
large seed crops within a tree population (Silvertown, 1980; Kelly,
1994; Pearse et al., 2016) is one of the most common type of pulsed
resources in terrestrial ecosystems (Ostfeld and Keesing, 2000). By
aﬀecting the demography of seed consumers, masting not only im-
pacts the reproductive success of plants, but also drives their re-
cruitment and regeneration success, and as a result, forest plant
species assembly (Loftis and McGee, 1993; Alejano et al., 2011). One
well-supported selective advantage of masting is the predator sa-
tiation hypothesis, which states that when seed production is low,
seed consumers are maintained at low density. However, when seed
production is unpredictably high, seed consumers are satiated and a
large proportion of seeds are likely to escape from predation
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(Janzen, 1971; Kelly, 1994; Kelly and Sork, 2002; Bogdziewicz et al.,
2018). Oak trees are found in both temperate and Mediterranean
regions (McShea, 2000; Gea-Izquierdo et al., 2006) and provide an
illustrative case study of the dramatic among-year variation in seed
production (Koenig et al., 1994b; Koenig and Knops, 2000; Liebhold
et al., 2004a, 2004b). The high ﬂuctuation of oak acorn production
shapes the dynamics of acorn consumers such as insects (Venner
et al., 2011; Bogdziewicz et al., 2018), birds (Haney, 1999; McShea,
2000), rodents (Wolﬀ, 1996; Stapp and Polis, 2003; Bergeron et al.,
2011) and ungulates (Servanty et al., 2009; Gamelon et al., 2017),
and impacts by cascade eﬀects the dynamics of the entire community
(Ostfeld and Keesing, 2000; Yang et al., 2010; Bogdziewicz et al.,
2016). Moreover, by inﬂuencing the regeneration of oak forests
(Loftis and McGee, 1993; Alejano et al., 2011), masting aﬀects the
production of wood of high economic value, and has thereby a strong
socio-economic impact (Ostfeld and Keesing, 2000).
Considering the high scientiﬁc and societal signiﬁcance of acorn
dynamics, a lot of eﬀorts have been devoted to measure acorn crops
(e.g. Graves, 1980; Koenig et al., 1994a; Perry and Thill, 1999). Up to
now, two main methods for counting mature acorns have been used.
The “trap acorn collection” (named hereafter TNR) corresponds to a
method where acorns fall into collectors (e.g. nets, buckets, cans)
evenly located beneath the crown (Carevic et al., 2014). This method
prevents post-acorn fall seed predation by using protection devices and
performing frequent collects during the acorn fall period but does not
account for the removal of acorns in the canopy pre-fall. It seems to be
the most accurate method to estimate acorn crop (Perry and Thill,
1999; Gea-Izquierdo et al., 2006), but has several drawbacks: the
equipment required to collect and protect acorns from consumers may
be costly (Perry and Thill, 1999), the conspicuous devices have to be
frequently visited to ensure these are not subject to human disturbance,
and exhaustive counting of the collected seeds is time consuming (Gea-
Izquierdo et al., 2006). The second method, the “visual on-tree” (VOT)
method, involves direct counting of mature acorns while still on trees
(Koenig et al., 1994a). For this method, observers stand beneath the
crown of the focused tree and count as many acorns as possible during a
timed period. As used in California oak woodlands, two observers count
separate parts of the tree, each for 15 s (Koenig et al., 1994a). This
method requires very little equipment (Carevic et al., 2014) and is
quick to apply. However, the number of acorns counted in any given
period of time is limited by the counting speed of the observer, which
may bias the results especially on mast years (Koenig et al., 1994a;
Perry and Thill, 1999; see Supplementary Material Appendix 1; Fig. S1;
and Table S1). Furthermore, visual access to branches could be com-
promised either by the location of the acorns inside the tree or by high
tree density leading branches from diﬀerent trees mixing up and canopy
closure, which can generate biases when assessing the acorn production
in forest landscape (Koenig et al., 1994a; Perry and Thill, 1999; see
Supplementary Material Appendix 2; Fig. S2; and Table S2).
Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.foreco.2018.07.061.
As these limitations are inherent to any TNR or VOT method pre-
viously used, we aimed to set up a new low-cost method that would be
easily and quickly applicable in any forest landscape to obtain accurate
estimates of acorn production at both tree and population scales. To do
so, we proposed and tested the eﬃciency of the “ground plot” counting
method (GP). This sampling method is based on counting acorns on the
ground under the tree crown, in quadrats of known area, with no
protection against seed predators. The survey took place during a single
annual visit soon after main acorn fall. We applied this new GP method
on one hundred oak trees from 10 forests (i.e. 10 trees per study site)
and we compared the estimates of acorn production with the ones ob-
tained with the TNR reference method deployed on the same individual
trees. We assessed the robustness of the GP method at both individual
tree and site scales.
2. Methods
2.1. Study sites and selection of oak trees
To test the performance of the GP counting method, we selected 10
forest sites widely distributed throughout France (see Supplementary
Material Appendix 3; Fig. S3), with the sessile oak tree (Quercus petraea)
as the dominant species. The distribution of the studied forests allowed
encompassing a large range of environmental conditions with con-
trasting density and diversity of seed predators. At each site, 10 mature
and reproductive trees (i.e. at least 45 cm in diameter) were randomly
selected. Every year from 2013 to 2016, a single observer surveyed
every tree by applying both TNR and GP methods.
2.2. The Trap-Net reference method (TNR)
Seed traps (i.e. nets of 20 m2 (4×5m)) were laid under the crown
of the studied trees to collect mature acorns falling from mid-August to
mid-November. Acorns that dropped in the net were forced, once a
week, to fall into a collecting device (80 cm in height and diameter)
closed with a lid and surrounded by a wooden fence, thus preventing
seed consumption by predators (i.e. birds, rodents and ungulates) (see
Supplementary Material Appendix 4; Fig. S4). Each year, acorns were
collected in December and counted. The annual acorn production of a
tree was estimated as the number of acorns collected per square meter.
2.3. The ground plot counting method (GP)
Soon after the main drop of mature acorns (from mid-October to
early November), four sampling points were evenly distributed under
the half canopy that was free of any seed trap device (used for the TNR
method). To do so, the observer placed himself between two and four
meters (depending on crown size) away from the tree trunk and deﬁned
four evenly spaced counting points following a circular transect ﬁtting
the crown shape (see Supplementary Material Appendix 5; Fig. S5). At
each counting point, a quadrat of 0.25m2 (50×50 cm) was settled on
the ground and the number of acorns inside was recorded by a single
observer, who remained the same throughout the study period. A un-
ique visit made at each tree was required to implement the method. The
acorn production was estimated as the number of acorns per square
meter.
2.4. Statistical analyses
2.4.1. Assessment of the GP method performance to estimate the number of
acorns produced by a tree
We compared the number of acorns produced by individual trees as
estimated by the GP and the TNR methods. First, we explored the
ability of the GP method to detect very low amounts of acorns produced
by trees. To do so, we ﬁtted a logistic regression to estimate the prob-
ability for acorns to be detected by the GP method (i.e. presence or
absence of acorns in the quadrats) from the number of acorns harvested
with the TNR method. Second, we examined the relationship between
the number of acorns counted using the GP and the TNR methods for
every tree and year. Trees for which no acorn was found in the quadrat
a given year were analyzed separately from the other trees having at
least one acorn. This allowed us to account for the lack of power of the
GP method when very low amounts of acorns are produced. For non-
null GP counts, we explored the relationship between the production of
the GP method and the one of the TNR method by ﬁtting constant,
linear, and quadratic models. To account for repeated measures per-
formed on the same trees over several years and then avoid pseudo-
replication issues (sensu Hurlbert, 1984), we included in the model the
tree identity as random eﬀect. Year was not included as a random eﬀect
because acorn production is synchronized at the population scale and
varies among years within a given population (Koenig et al., 1994b).
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We used the Akaike Information Criterion corrected for small sample
size (AICc) for model selection and retained the model with the lowest
AICc (Burnham and Anderson, 2002). When the AICc diﬀerence be-
tween two competing models was less than 2, we retained the model
including the lowest number of parameters according to parsimony
rules. Parameter estimates ± standard errors (SE) are provided for the
selected model. For null GP counts, we examined the distribution of the
corresponding TNR counts and ﬁtted Poisson, zero-inﬂated Poisson
(ZIP), and zero-inﬂated negative binomial (ZINB) distributions using
the “ﬁtdistrplus” R package (Delignette-Muller and Dutang, 2015). The
theoretical distribution best ﬁtting the data was then used to validate
the GP method (see below). All analyses were performed with R (ver-
sion 3.3.1, R Development Core Team, 2011).
2.4.2. Assessment of the robustness of the GP method when applied to a
discarded site
The robustness of the GP method was tested through its ability to
predict the number of acorns produced by trees (i.e., TNR counts) on a
discarded site, at both individual tree and site scales. To do so, we
performed a leave-one-out cross-validation analysis that was repeated
rotationally for all the 10 study sites (Cawley and Talbot, 2003). Hence,
for a given step of the analysis, we discarded one (considered as the
discarded site) of the ten study sites at a time from the dataset and
assessed the relationship between GP and TNR methods from the nine
remaining study sites. For non-null GP values, the same set of models
(i.e. constant, linear and quadratic) was ﬁtted to determine the shape of
the relationship between the GP and TNR methods (see the previous
section for the model selection). For each tree and each year of the
survey of the discarded site, whenever the GP count was non-null, we
estimated the number of acorns expected under the TNR method using
the selected model. When no acorn was counted with the GP method,
we estimated the TNR count by randomly sampling within the selected
distribution ﬁtted on the 9-site dataset. Finally, we compared predicted
and observed TNR acorn production by ﬁtting a linear model forced
through the origin and tested whether the slope departed from 1. We
repeated this analysis excluding sequentially the ten sites from the
dataset, so as to check whether there could be variation in the accuracy
of the method among sites. Finally, this analysis was repeated using two
out of the four counting points per tree with the GP method. All possible
combinations were tested (i.e. A and B, A and C, A and D, B and C, or C
and D) as to test the GP method robustness when implemented with a
reduced sampling eﬀort.
2.4.3. Assessment of the GP method performance to estimate the number of
acorns at a given site
In a wildlife and forest management context, it might be more in-
formative to get estimates of acorn production at the site scale (i.e., a
forest plot) rather than at the tree scale. Thus, we used the TNR esti-
mates at each tree and each year of the discarded site (see above) to
compute the arithmetic mean for the ten trees each year of the four-year
survey. We repeated this for the ten sites sequentially discarded from
the dataset and plotted the estimated average TNR values against the
observed ones. We tested whether these values ﬁtted a linear model
forced through the origin with a slope of 1. Then, this analysis was
repeated using only two counting points per tree with the GP method
(see above).
3. Results
3.1. Assessment of the GP method performance to count the number of
acorns
In 51 out of the 400 acorn productions measured during the 4 years
of the survey, acorns were collected in the traps while under the same
trees no acorn was found in the quadrats (Fig. 1). This suggests that
post-dispersal seed removal may have occurred, thus preventing in
some cases the detection of acorn production. Using a logistic regres-
sion, we found, however, that the GP method could detect non-null
fruiting event from very few numbers of acorns collected in the net with
the TNR method (Figs. 1 and 2a). For null GP counts, we found that the
zero-inﬂated binomial negative distribution best described the data
(Poisson: AIC=3687.30; ZIP: AIC= 2576.51; ZIBN: AIC=498.44),
meaning that almost every time, the number of acorns actually col-
lected with the TNR method was null or residual (Fig. 2b; 80% of the
null counts with the GP method correspond to less than 2 acorns per m2
counted with the TNR method). Moreover, the GP method was suc-
cessful at detecting acorns from very low acorn crops (from 12 fruits or
more per m2 counted with the TNR method; Fig. 2b; see Supplementary
Material Appendix 6; Fig. S6 for the cumulative fruiting distribution).
When at least one acorn was counted using the GP method, the
correlation between the production estimated with the GP and the TNR
methods was very strong (R2=0.89), with the best description using
the convex quadratic model (Table 1; Fig. 2a). This curve was located
below the ﬁrst bisector, which indicates that the rate of seed removal by
consumers on the ground was higher than in the trap (see Supple-
mentary Material Appendix 7; Fig. S7 for further details). Together with
the absence of acorn in some quadrats at low seed production, this
result conﬁrms that seed predation actually occurred on the ground in
our study sites and that the rate of seed removal decreased with in-
creasing intensity of fruiting. However, whenever acorns are detected
with the GP method, the acorn production estimates from TNR and GP
methods are very close to each other.
3.2. Eﬃciency of the GP method when applied to a new site
For non-null GP counts, the relationship between the acorn pro-
duction obtained from GP and TNR methods was consistently best de-
scribed by quadratic models when analyzing 9 out of the 10 selected
study sites at the tree scale (see Supplementary Material Appendix 8;
Table S3). From these models (see Supplementary Material Appendix 8;
Table S4), we estimated the number of acorns expected with the TNR
method from the number of acorns counted with the GP method for the
10th site. For null GP counts, we randomly sampled values from the
ZIBN distribution observed for the study sites left in the dataset. By
combining those results, we found strong linear relationships (Table 2)
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Fig. 1. Probability to detect an acorn production using the GP method ac-
cording to the number of acorns collected using the TNR method in 1m2 net.
The solid line represents the logistic regression that best ﬁtted the data. Dots
represent the number of acorns harvested in the nets using the TNR method for
which absence or presence of acorns has been reported when using the GP
method.
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between the expected and the observed number of acorns using the
TNR method (Fig. 3), with R2 ranging from 0.88 to 0.98 (Table 2).
These results showed no site-speciﬁc relationship between GP and TNR
at any of the 10 sites and thereby suggest that GP counts provide highly
reliable estimates of acorn production at the individual tree scale.
Furthermore, at the site scale, we found strong linear relationship be-
tween the expected and the observed number of acorns when using the
TNR method, with a R2 of 0.98 and a slope not statistically diﬀerent
from 1 (β=0.98 ± 0.023) (Fig. 4), which indicates that the GP counts
provide highly reliable estimates of acorn production at both tree and
site scales. Finally, using only two counting points per tree with the GP
method still provided well-ﬁtted linear relationships between the ex-
pected and observed number of acorns using the TNR method, with R2
ranging from 0.86 to 0.98 and from 0.89 to 0.99, when considering tree
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Fig. 2. (a) Relationship between acorn productions from the GP and TNR counting methods (on a log-log scale) implemented on the randomly selected trees in forest
landscapes. The tree scale was considered. The solid line represents the quadratic model that best ﬁtted the data when acorns were detected using the GP method; the
broken line represents the linear relationship of slope 1 expected in absence of seed predation - (b) Cumulative distribution of the number of acorns collected in 1m2
using the TNR method when no acorn were detected using the GP method. The grey line represents the zero-inﬂated negative binomial distribution that best ﬁtted the
data.
Table 1
Model selection for the relationship between the acorn production estimated
from the GP method for non-null counts and the reference TNR method. The
tree scale was considered. Displayed are the number of parameters (Np), Akaike
Information Criterion corrected for small sample size (AICc), AICc diﬀerence
between a given model and the model with the lowest AICc (ΔAICc) and Akaike
weight measuring the likelihood that a given model will be the best among the
candidate models (ω). The selected model occurs in bold.
Model Np AICc ΔAICc Dev ω
Quadratic 4 591.75 0.00 583.75 1.00
Linear 3 631.23 39.48 625.23 0.00
Constant 2 965.71 373.96 961.71 0.00
Table 2
Parameter estimates of the linear models forced to pass through the origin that
best ﬁtted the relationship between the number of acorns estimated for the new
study site being tested and the number of acorns observed using the TNR
method for this given site. Parameter estimates ± SE and R2 are provided.
Site Parameter estimates ± SE R2
Site 1 1.07 ± 0.04 0.96
Site 2 0.97 ± 0.02 0.98
Site 3 0.85 ± 0.04 0.95
Site 4 1.05 ± 0.05 0.94
Site 5 0.92 ± 0.03 0.96
Site 6 0.95 ± 0.03 0.96
Site 7 1.07 ± 0.06 0.88
Site 8 0.89 ± 0.04 0.93
Site 9 0.89 ± 0.04 0.94
Site 10 0.89 ± 0.04 0.94
Fig. 3. Relationship between the predicted number of acorns that should have
been caught in a 1m2 net and the observed number of acorns collected in 1m2
net using the TNR method when estimated from results obtained using the GP
counting method (on a log-log scale). For null GP counts, the predicted number
of acorns that should have been caught in a 1m2 net has been estimated from
the zero-inﬂated negative binomial distribution that best ﬁtted the acorn pro-
ductions observed for the 9 study sites left in the dataset. The tree scale was
considered. Solid and broken lines represent the linear models that best ﬁtted
the data and the linear model of slope 1, respectively. Models were all forced to
pass through the origin.
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and site scales, respectively (see Supplementary Material Appendix 9;
Figs. S8 and S9).
4. Discussion
Despite long-standing a priori against GP-like methods due to po-
tential biases induced by the lack of protection of counting devices
against acorn consumers (Gysel, 1956; Koenig et al., 1994a; Perry and
Thill, 1999), our ﬁndings demonstrate that the GP method is reliable
when applied in distinct French temperate forests, regardless of the
scale of the analysis (i.e. tree or site). Indeed, when conducted at nu-
merous study sites and years encompassing a large range of acorn
productions, levels of predation, and environmental conditions, the GP
crop size estimates closely matched the ones obtained with the TNR
method.
When applied to forest stands, the GP counting method allowed
successfully detecting acorn production in quadrats in 87% of the cases.
In 13% of the cases, there was no acorn in the quadrats, which could
either be due to no or very low acorn production, or to seed predation
(Fig. 1; Fig. 2a and b). In absence of seed predation, a proportional (i.e.
with a slope of 1) linear relationship should occur between measures
obtained with the GP method (that do not protect acorns against pre-
dation) and measures obtained with the reference method (that does).
Interestingly, when acorns are detected with the GP method, the re-
lationship was not linear but displayed a convex quadratic shape and
was located below the ﬁrst bisector (Fig. 2a). Together with the absence
of acorn in quadrats at low seed production, such a relationship in-
dicates that seed predation did occur on the ground in absence of
protection. This led less acorns to be found with the GP method than
with the reference method and suggests that the level of seed predation
was higher at low seed production. Thus, the rate of seed predation (i.e.
the proportion of the total acorn production removed by seed pre-
dators) decreased with the increase of seed production (see also Sup-
plementary Material Appendix 7; Fig. S7), as expected under the pre-
dator satiation hypothesis (Janzen, 1971; Kelly, 1994; Kelly and Sork,
2002; Bogdziewicz et al., 2018). Our results are thus in line with those
reported by Crawley and Long (1995) (see Fig. S10 in the Supple-
mentary Material Appendix 10). Our study demonstrates that, despite
the occurrence of acorn consumption on the ground, the GP method
provides an accurate assessment of acorn production both at the in-
dividual and population levels (Figs. 3 and 4).
Beside empirical evidence of seed consumption on the ground, we
show that (i) ﬁnding no acorn in the quadrats (GP method) corresponds
to very low fruiting for the tree under consideration (80% of the trees
with no acorn in the quadrats had less than 2 acorns per m2 with the
TNR method); (ii) a strong, positive relationship occurs between the
number of acorns detected with the TNR and GP method run at the
same trees (Fig. 2a); and (iii) ﬁnally the number of acorns in the trap
net, when estimated from the GP count at both tree and site scales
(when removing one site at a time), always ﬁt well the observed counts,
with slopes close to 1 (Figs. 3 and 4). Interestingly, we found similar
results when using either two or four sampling points per tree (see
Supplementary Material Appendix 9; Fig. S8 and S9), suggesting that
even a reduced sampling eﬀort provides reliable estimates and allows
the survey of large numbers of trees and sites within the same year. All
these results indicate that, when conducted in French oak forests and
despite potential among-site and among-year variation in the diversity
and density of acorn consumers, the GP counting method is robust at
providing accurate estimates of acorn production and, as such, can be
reliably used by forest managers and scientists.
From a practical viewpoint, a good knowledge of the temporal dy-
namics of acorn drop within and between study sites is required to
implement the GP method successfully. Indeed, to minimize seed re-
moval by predators and thus provide an accurate estimate of the acorn
crop size, the GP count has to take place immediately after the main
seed fall period, which is known to occur between late October and
early November in temperate Northern regions (Pérez-Ramos et al.,
2008; Caignard et al., 2017). In French forests, the acorn drop com-
monly spreads over a two-month period (early September-late October)
with only marginal drop in November (see Appendix 11; Fig. S11). It
seems therefore that the GP method, which was successfully applied in
ten sites, does not require extremely synchronized acorn drop. Fur-
thermore, seed retention on trees for an extended period of time -the so-
called serotiny-, which has been sometimes reported in populations of
California oak trees (Koenig et al., 2014), would lead both TNR and GP
methods to be ineﬃcient. However, this phenomenon has not been
reported yet in any European forest. Obviously, all the three methods
we discussed (i.e. TNR, VOT and GP counting methods) present pro and
cons that depend on both the needs of users and the environmental
context in which they are implemented. Table 3 provides a detailed
review of these advantages and disadvantages for quickly and objec-
tively identifying which method is the most appropriate according to
the ecological context, as well as some possible arrangements (see also
Koenig et al. (2013) for a discussion of diﬀerent acorn counting
methods).
In temperate regions of Europe, forest ecosystem functioning and
community dynamics often depend on oak tree reproduction. The me-
chanisms involved in oak masting and its ecological, evolutionary and
economic consequences are still largely unknown (Ostfeld and Keesing,
2000; Alejano et al., 2011), making diﬃcult any relevant prediction
about the future of forest ecosystems in the current context of global
change (Bogdziewicz et al., 2017). Because it is cheap, quick and easy
to implement, the GP method proposed here provides a turn-key tool
for surveying fruiting dynamics of many trees across several sites and
for analyzing oak tree reproduction and its consequences at both tree
and forest scales. As this method can be widely applied to various re-
search and management contexts, it might help better identifying the
economic, ecological and evolutionary issues based on acorn produc-
tion dynamics in European temperate forests.
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counting method (on a log-log scale). The site scale was considered. Solid and
broken lines represent the linear model that best ﬁtted the data and the linear
model of slope 1, respectively. Models were all forced to pass through the
origin.
L. Touzot et al. ????????????????????????????????????????????????
???
160
Ta
bl
e
3
R
ev
ie
w
of
th
e
pr
o
an
d
co
ns
of
th
e
Tr
ap
N
et
R
ef
er
en
ce
,V
is
ua
l
O
n-
Tr
ee
an
d
G
ro
un
d
Pl
ot
co
un
ti
ng
m
et
ho
ds
.
M
et
ho
ds
Tr
ap
N
et
R
ef
er
en
ce
(T
N
R
)
V
is
ua
l
O
n
Tr
ee
(V
O
T)
G
ro
un
d
Pl
ot
(G
P)
C
os
ts
&
ri
sk
s
Im
pl
em
en
ta
ti
on
ti
m
e
H
ig
h
Lo
w
Lo
w
D
ev
ic
e
co
st
M
ed
iu
m
or
hi
gh
(d
ep
en
di
ng
on
th
e
sa
m
pl
in
g
ar
ea
co
ve
re
d
by
th
e
co
lle
ct
in
g
de
vi
ce
s
an
d
th
e
pr
ot
ec
ti
on
le
ve
l)
Lo
w
Lo
w
V
ul
ne
ra
bi
lit
y
to
va
nd
al
is
m
Y
es
N
o
N
o
Po
te
nt
ia
l
bi
as
es
re
la
te
d
to
se
ed
co
ns
um
pt
io
n
by
pr
ed
at
or
s
Se
ns
it
iv
it
y
to
se
ed
re
m
ov
al
in
th
e
ca
no
py
du
ri
ng
su
m
m
er
Y
es
Y
es
Y
es
Se
ns
it
iv
it
y
to
se
ed
re
m
ov
al
in
th
e
ca
no
py
du
ri
ng
fr
ui
t
fa
ll
Y
es
N
o
Y
es
Se
ns
it
iv
it
y
to
se
ed
re
m
ov
al
on
th
e
gr
ou
nd
N
o
or
lo
w
.R
el
ia
bi
lit
y
of
th
e
m
et
ho
d
de
pe
nd
s
on
th
e
pr
ot
ec
ti
ve
de
vi
ce
s,
de
ns
it
y
an
d
di
ve
rs
it
y
of
se
ed
pr
ed
at
or
s
an
d
fr
ui
ti
ng
in
te
ns
it
y
-
fu
rt
he
r
w
or
k
re
qu
ir
ed
N
o
Lo
w
in
ou
r
st
ud
y.
Bu
t
re
lia
bi
lit
y
of
th
e
m
et
ho
d
co
ul
d
de
pe
nd
on
th
e
de
ns
it
y
an
d
di
ve
rs
it
y
of
se
ed
pr
ed
at
or
s
an
d
fr
ui
ti
ng
in
te
ns
it
y
-
fu
rt
he
r
w
or
k
re
qu
ir
ed
Eﬃ
ci
en
cy
of
th
e
m
et
ho
ds
to
pr
ov
id
e
re
lia
bl
e
es
ti
m
at
e
of
ac
or
n
cr
op
si
ze
in
va
ri
ou
s
co
nt
ex
ts
O
pe
n
st
an
d
lo
ca
ti
on
s
w
it
h
hi
gh
vi
su
al
ac
ce
ss
to
br
an
ch
es
H
ig
h
M
ed
iu
m
or
hi
gh
de
pe
nd
in
g
on
fr
ui
ti
ng
in
te
ns
it
y
(s
ee
Fi
g.
S1
)
Fu
rt
he
r
w
or
k
re
qu
ir
ed
Fo
re
st
la
nd
sc
ap
e
H
ig
h
Lo
w
(l
ac
k
of
vi
su
al
ac
ce
ss
to
br
an
ch
es
du
e
to
ca
no
py
cl
os
ur
e
an
d
tr
ee
s
m
ix
in
g
up
;s
ee
Fi
g.
S2
)
H
ig
h
(s
ee
Fi
gs
.3
an
d
4)
V
er
y
lo
w
se
ed
cr
op
H
ig
h
M
ed
iu
m
(r
is
k
of
no
de
te
ct
io
n)
M
ed
iu
m
(r
is
k
of
no
de
te
ct
io
n,
se
e
Fi
g.
1)
V
er
y
la
rg
e
se
ed
cr
op
H
ig
h
Lo
w
(s
at
ur
at
io
n
eﬀ
ec
t;
se
e
Fi
g.
S1
)
H
ig
h
R
eq
ui
re
m
en
ts
fo
r
tr
ee
se
le
ct
io
n
D
ep
en
di
ng
on
th
e
de
vi
ce
s;
of
te
n
re
la
ti
ve
ly
ﬂ
at
an
d
un
en
cu
m
be
re
d
to
po
gr
ap
hy
,t
re
es
sp
ac
ed
en
ou
gh
an
d
lo
w
hu
m
an
at
te
nd
an
ce
V
is
ua
l
ac
ce
ss
to
br
an
ch
es
an
d
tr
ee
s
sp
ac
ed
en
ou
gh
to
as
si
gn
br
an
ch
es
to
th
ei
r
tr
ee
un
am
bi
gu
ou
sl
y
R
el
at
iv
el
y
ﬂ
at
to
po
gr
ap
hy
;
tr
ee
s
sp
ac
ed
en
ou
gh
to
as
si
gn
se
ed
s
to
th
ei
r
tr
ee
un
am
bi
gu
ou
sl
y
Po
ss
ib
le
ad
ap
ta
ti
on
C
om
pl
em
en
ta
ry
de
vi
ce
s
pr
ot
ec
ti
ng
ag
ai
ns
t
di
ﬀ
er
en
t
se
ed
pr
ed
at
or
s
A
dj
us
tm
en
t
of
tr
ap
su
rf
ac
e
Ex
te
nd
in
g
co
un
ti
ng
ti
m
e
(u
p
to
1
m
in
)
an
d
us
e
“t
im
e
to
co
un
t
an
ac
or
n”
as
a
m
et
ri
c
to
as
se
ss
ac
or
n
pr
od
uc
ti
on
Sl
op
in
g
gr
ou
nd
:u
se
of
pe
rm
an
en
tq
ua
dr
at
s
ﬁ
xe
d
on
th
e
gr
ou
nd
(e
.g
.,
bo
ar
d
en
cl
os
ur
e)
ke
ep
in
g
ac
or
ns
w
it
hi
n
qu
ad
ra
ts
R
ef
er
en
ce
s
Pe
rr
y
an
d
Th
ill
,1
99
9;
th
is
w
or
k
K
oe
ni
g
et
al
.,
19
94
a,
b
th
is
w
or
k
(A
pp
en
di
ce
s
1
an
d
2)
C
ra
w
le
y
an
d
Lo
ng
,1
99
5,
th
is
w
or
k
L. Touzot et al. ????????????????????????????????????????????????
???
161
Acknowledgements
We warmly thank two anonymous referees for their helpful com-
ments on previous versions of this paper. We are grateful to the
RENECOFOR network and French National Forest Oﬃce (ONF) that
provided us with study sites and contributed to ﬁeld and laboratory
studies. We are also thankful to S. Sauzet, C. Aubert, E. Day, P-F.
Pélisson, H. Holveck, M. Ladjal for their help on data collection and
sample analyses and M.L. Delignette for her help on statistical analyses.
This research was funded by the PotenChêne project (Gip ECOFOR,
BGF), the Auvergne-Rhône-Alpes region, National Center for Scientiﬁc
Research (CNRS), French National Agency for Wildlife (ONCFS), and
was supported by the Research Council of Norway through its Centre of
Excellence funding scheme, project number 223257.
References
Alejano, R., Vázquez-Piqué, J., Carevic, F., Fernández, M., 2011. Do ecological and sil-
vicultural factors inﬂuence acorn mass in Holm Oak (southwestern Spain)? Agrofor.
Syst. 83 (1), 25–39.
Bergeron, P., Réale, D., Humphries, M.M., Garant, D., 2011. Anticipation and tracking of
pulsed resources drive population dynamics in eastern chipmunks. Ecology 92 (11),
2027–2034.
Bogdziewicz, M., Zwolak, R., Crone, E.E., 2016. How do vertebrates respond to mast
seeding? Oikos 125 (3), 300–307.
Bogdziewicz, M., Crone, E.E., Steele, M.A., Zwolak, R., 2017. Eﬀects of nitrogen de-
position on reproduction in a masting tree: beneﬁts of higher seed production are
trumped by negative biotic interactions. J. Ecol. 105 (2), 310–320.
Bogdziewicz, M., Espelta, J.M., Muñoz, A., Aparicio, J.M., Bonal, R., 2018. Eﬀectiveness
of predator satiation in masting oaks is negatively aﬀected by conspeciﬁc density.
Oecologia. 1–11.
Burnham, K.P., Anderson, D.R., 2002. Model Selection and Multimodel Inference: A
Practical Information-Theoretic Approach. Springer, New-York.
Carevic, F.S., Alejano, R., Fernández, M., Martín, D., 2014. Assessment and comparison of
the visual survey method for estimating acorn production in Holm oak (Quercus ilex
ssp. ballota) open woodland of southwestern Spain. Arid Land Res. Manage. 28 (1),
102–108.
Caignard, T., Kremer, A., Firmat, C., Nicolas, M., Venner, S., Delzon, S., 2017. Increasing
spring temperatures favor oak seed production in temperate areas. Sci. Rep. 7 (1),
8555.
Cawley, G.C., Talbot, N.L., 2003. Eﬃcient leave-one-out cross-validation of kernel ﬁsher
discriminant classiﬁers. Pattern Recogn. 36 (11), 2585–2592.
Crawley, M., Long, C.R., 1995. Alternate bearing, predator satiation and seedling re-
cruitment in Quercus robur L. J. Ecol. 683–696.
Delignette-Muller, M.L., Dutang, C., 2015. ﬁtdistrplus: An R package for ﬁtting dis-
tributions. J. Stat. Softw. 64 (4), 1–34.
Gamelon, M., Focardi, S., Baubet, E., Brandt, S., Franzetti, B., Ronchi, F., Gaillard, J.M.,
2017. Reproductive allocation in pulsed-resource environments: a comparative study
in two populations of wild boar. Oecologia 183 (4), 1065–1076.
Gea-Izquierdo, G., Cañellas, I., Montero, G., 2006. Acorn production in Spanish holm oak
woodlands. For. Syst. 15 (3), 339–354.
Gysel, L.W., 1956. Measurement of acorn crops. For. Sci. 2 (4), 305–313.
Graves, W.C., 1980. Annual oak mast yields from visual estimates. In: Plumb, T.R., tech.
coord. Proceedings of the symposium on the ecology, management, and utilization of
California oaks. Gen. Tech. Rep. Rep. PSW-44. Berkeley, CA: US Department of
Agriculture, Forest Service, Paciﬁc Southwest Forest and Range Experiment Station,
pp. 270–274.
Haney, J.C., 1999. Numerical response of birds to an irruption of elm spanworm (Ennomos
subsignarius [Hbn.]; Geometridae: Lepidoptera) in old-growth forest of the
Appalachian Plateau, USA. For. Ecol. Manage. 120 (1), 203–217.
Hurlbert, S.H., 1984. Pseudoreplication and the design of ecological ﬁeld experiments.
Ecol. Monogr. 54 (2), 187–211.
Janzen, D.H., 1971. Seed predation by animals. Annu. Rev. Ecol. Syst. 2 (1), 465–492.
Kelly, D., 1994. The evolutionary ecology of mast seeding. Trends Ecol. Evol. 9 (12),
465–470.
Kelly, D., Sork, V.L., 2002. Mast seeding in perennial plants: why, how, where? Annu.
Rev. Ecol. Syst. 33 (1), 427–447.
Koenig, W.D., Knops, J.M., Carmen, W.J., Stanback, M.T., Mumme, R.L., 1994a.
Estimating acorn crops using visual surveys. Can. J. For. Res. 24 (10), 2105–2112.
Koenig, W.D., Mumme, R.L., Carmen, W.J., Stanback, M.T., 1994b. Acorn production by
oaks in central coastal California: variation within and among years. Ecology 75 (1),
99–109.
Koenig, W.D., Knops, J.M., 2000. Patterns of annual seed production by northern hemi-
sphere trees: a global perspective. Am. Nat. 155 (1), 59–69.
Koenig, W.D., Díaz, M., Pulido, F., Alejano, R., Beamonte, E., Knops, J.M., 2013. Acorn
production patterns. In: Mediterranean Oak Woodland Working Landscapes.
Springer, Dordrecht, pp. 181–209.
Koenig, W.D., Walters, E.L., Pearse, I.S., Carmen, W.J., Knops, J.M.H., 2014. Serotiny in
California oaks. Madroño 61 (2), 151–158.
Liebhold, A., Koenig, W.D., Bjørnstad, O.N., 2004a. Spatial synchrony in population dy-
namics. Annu. Rev. Ecol. Evol. Syst. 35, 467–490.
Liebhold, A., Sork, V., Peltonen, M., Koenig, W., Bjørnstad, O.N., Westfall, R., Knops, J.M.,
2004b. Within-population spatial synchrony in mast seeding of North American oaks.
Oikos 104 (1), 156–164.
Loftis, D.L., McGee, C.E., 1993. Oak regeneration: Serious problems practical re-
commendations (symposium proceedings). Gen. Tech. Rep. SE-84. Asheville, NC: US
Department of Agriculture, Forest Service, Southeastern Forest Experiment Station,
319 p., 84.
McShea, W.J., 2000. The inﬂuence of acorn crops on annual variation in rodent and bird
populations. Ecology 81 (1), 228–238.
Ostfeld, R.S., Keesing, F., 2000. Pulsed resources and community dynamics of consumers
in terrestrial ecosystems. Trends Ecol. Evol. 15 (6), 232–237.
Pearse, I.S., Koenig, W.D., Kelly, D., 2016. Mechanisms of mast seeding: resources,
weather, cues, and selection. New Phytol. 212 (3), 546–562.
Pérez-Ramos, I.M., Urbieta, I.R., Maranón, T., Zavala, M.A., Kobe, R.K., 2008. Seed re-
moval in two coexisting oak species: ecological consequences of seed size, plant cover
and seed-drop timing. Oikos 117 (9), 1386–1396.
Perry, R.W., Thill, R.E., 1999. Estimating mast production: an evaluation of visual surveys
and comparison with seed traps using white oaks. South. J. Appl. For. 23 (3),
164–169.
R Development Core Team, 2011. R: A Language and Environment for Statistical
Computing.
Schmidt, K.A., Ostfeld, R.S., 2008. Numerical and behavioral eﬀects within a pulse-driven
system: consequences for shared prey. Ecology 89 (3), 635–646.
Servanty, S., Gaillard, J.M., Toïgo, C., Brandt, S., Baubet, E., 2009. Pulsed resources and
climate-induced variation in the reproductive traits of wild boar under high hunting
pressure. J. Anim. Ecol. 78 (6), 1278–1290.
Silvertown, J.W., 1980. The evolutionary ecology of mast seeding in trees. Biol. J. Linn.
Soc. 14 (2), 235–250.
Stapp, P., Polis, G.A., 2003. Inﬂuence of pulsed resources and marine subsidies on insular
rodent populations. Oikos 102 (1), 111–123.
Venner, S., Pélisson, P.F., Bel-Venner, M.C., Débias, F., Rajon, E., Menu, F., 2011.
Coexistence of insect species competing for a pulsed resource: toward a uniﬁed
theory of biodiversity in ﬂuctuating environments. PLoS One 6 (3), e18039.
Wolﬀ, J.O., 1996. Population ﬂuctuations of mast-eating rodents are correlated with
production of acorns. J. Mammal. 77 (3), 850–856.
Yang, L.H., Bastow, J.L., Spence, K.O., Wright, A.N., 2008. What can we learn from re-
source pulses. Ecology 89 (3), 621–634.
Yang, L.H., Edwards, K.F., Byrnes, J.E., Bastow, J.L., Wright, A.N., Spence, K.O., 2010. A
meta-analysis of resource pulse–consumer interactions. Ecol. Monogr. 80 (1),
125–151.
L. Touzot et al. ????????????????????????????????????????????????
???
162
Remerciements
Rédiger une thèse c’est indéniablement une grande aventure intellectuelle, mais pour ma part ce doc-
torat a avant tout été une aventure humaine incroyable qui mérite que je m’attarde ici pour remercier les
nombreuses personnes sans qui cette thèse n’aurait jamais aboutie.
Merci à Samuel et Vincent qui ont encadré mon stage de recherche de ﬁn de master et qui m’ont donné
envie de faire une thèse sur le masting.
Merci à la Fédération Nationale des Chasseurs (FNC) et à l’Ofﬁce National des Forêts (ONF) qui ont
bien voulu ﬁnancer mon projet de thèse et qui m’ont ainsi donné la chance d’être apprentie chercheuse
durant ces 3 dernières années. Je remercie en particulier Benoit Guibert pour avoir défendu mon projet de
thèse auprès de la FNC et Vincent Boulanger de l’ONF pour m’avoir fait conﬁance dans mes capacités à
mener à bien ce projet de thèse.
Merci à Gilles et à Michel Thibaudon du Réseau National de Surveillance Aérobiologique (RNSA) de
m’avoir conﬁé vos données polliniques qui sont à la base de mon travail de thèse. Votre grande disponibilité
m’a permis d’avancer de manière efﬁcace tout au long de cette thèse, et je vous en remercie ! Merci Gilles
pour ta gentillesse et pour être venu aux nouvelles régulièrement, car rien de tel que de petites attentions
pour garder le moral à toute épreuve !
Je souhaite remercier les membres du jury, Pierre-Olivier Cheptou, Georges Kunstler, Anne Duputié et
Dominique Pontier d’avoir accepté d’évaluer mon travail de thèse.
Samuel, merci pour ton soutien constant pendant cette thèse, j’ai eu vraiment la sensation d’être une
apprentie chercheuse à tes côtés et me rends compte aujourd’hui de la chance que j’ai eu d’avoir été formée
par toi. Souvent, j’ai eu l’impression de perdre du temps à réunir tous les arguments qui permettraient de te
convaincre d’abandonner ou de poursuivre une piste, mais j’ai vite compris l’intérêt de s’obstiner à réunir
toutes les pièces du puzzle, quand quelques pièces semblaient pourtant sufﬁre à dessiner les contours d’un
futur article scientiﬁque, car alors le puzzle reconstitué permet souvent d’écrire une histoire beaucoup plus
palpitante qu’initialement prévue. Si je poursuis dans la recherche, j’espère sincèrement avoir l’occasion de
pouvoir à nouveau travailler de près ou de loin avec toi.
Jean-Michel, je te remercie pour ton optimisme sans faille, qui est très contagieux, et qui m’a aidé à
prendre conﬁance dans mon travail de thèse.
Aurélie, mon phare dans la nuit ? ! :P A chaque fois que j’ai suivi tes conseils je n’ai eu aucun regret,
bien au contraire, et d’ailleurs je crois bien que je les ai tous suivis ! Donc merci d’avoir pris le temps tout au
long de cette thèse d’écouter les doutes et inquiétudes que peut avoir une doctorante au cours de sa thèse et
de discuter aussi souvent que nécessaire avec moi pour m’aider à prendre les bonnes décisions. Merci aussi
d’être partie à la recherche aux coquilles dans mes présentations sans jamais broncher ! La gourmande que
je suis a été ravie de rencontrer une autre personne qui prend encore son quatre-heures, et je te remercie pour
tous ces petits cannelés ramenés de tes séjours à Bordeaux, et autres merveilles gustatives ! Tu reprendrais
163
bien des rochers coco? !
Un énorme merci à Élodie, Louise et Sylvie, mes collègues doctorantes de bureau devenue, depuis, des
amies sur qui je peux compter. J’ai adoré passer ces dernières années à travailler à vos côtés, et honnêtement,
je ne pouvais pas rêver mieux comme ambiance de travail ! Quoi de mieux pour la motivation que de savoir
qu’on va passer la journée en très bonne compagnie ! Un grand merci à toutes les trois !
Merci aussi à Victor, d’abord compagnon stagiaire puis compagnon doctorant, pour ta bonne humeur et
ton intérêt sincère pour toutes les courbes logistiques que tu as vu se dessiner sur mon écran tout au long de
ma thèse !
La drôle architecture du bâtiment fait que le bureau dans lequel j’ai fait mon doctorat contenait un autre
bureau occupé par Jos, Bénédicte et Anna que je tiens à remercier ici pour leur grande gentillesse !
En parlant de gentillesse, merci Laura pour celle dont tu as fait preuve à mon égard ! Travailler avec
toi m’a permis d’avoir une expérience de travail collaboratif très agréable, merci encore, et compte sur moi
pour te soutenir pour ta dernière ligne droite !
Merci aux stagiaires, techniciennes, ingénieures de passage dans l’équipe, Sylène, Nina, Maéva, Gon-
ché, Adeline et Alexia, avec qui j’ai aimé travailler et échanger pendant ma thèse.
Puisque le travail d’équipe est à la base du travail de recherche, je tiens à remercier Sylvain et Isabelle
pour le temps que vous avez pris à répondre à toutes mes questions, en particulier sur la phénologie des
plantes, à me faire des retours constructifs sur mon travail à chaque fois que je vous ai sollicité.
Merci à David, Stéphane, Marie-Laure, Anne-Béatrice du LBBE de m’avoir aidé pour toutes mes ques-
tions statistiques, et surtout David de m’avoir aidé systématiquement à trouver la démarche d’analyse la plus
robuste.
Merci à Stéfano, Christopher et Vincent d’avoir participé activement à mes comités de suivis de thèse et
de m’avoir systématiquement bien conseillé et bien encouragé !
Merci à Marie-Claude d’avoir pris le temps de corriger mon anglais affreusement français ! Merci aussi
pour ta relecture attentive de tous mes travaux et de tes retours très pertinents et toujours pédagogiques !
Mais surtout merci pour ta grande humanité qui m’a bien aidé à plusieurs reprises au cours de cette thèse.
Spéciale dédicace à Thomas ici ! Merci Thomas pour ton soutien sans faille, pour ton aide et tes précieux
conseils tout au long de cette thèse, mais surtout merci de m’avoir épaulée dans ces 3 workshops dès que
j’en avais besoin ! Ta présence a rendu ces expériences très agréables et très formatrices, et j’espère qu’on
aura l’occasion de pouvoir discuter sciences à nouveau !
Merci à tous les autres membres de ces 3 workshops, Davide, Christopher, Ciprian, et en particulier,
Giorgio pour sa gentillesse, sa patience et sa conﬁance dans mes capacités à progresser lentement mais
sûrement ! Merci à Fabio avec qui j’ai adoré discuter sciences, mais aussi gastronomie, surtout pendant nos
gueuletons de milieu d’après midi parce qu’on était bien d’accord que le sandwich triangle mangé à midi
par politesse en angleterre ne tient décidémment pas du tout au corps ! Merci à Paola et Thomas W. d’avoir
rendu notre travail d’équipe très agréable ! Merci à Michal, dont j’ai dévoré les papiers, d’avoir pris le temps
164
d’en discuter avec moi, et de continuer aujourd’hui encore à échanger sur le masting ! Et enﬁn, merci à Andy
pour son dynamisme et son enthousiasme qui nous donne l’impression, le temps d’un workshop, d’être tout
à fait indispensable !
Comme être doctorant à l’université ce n’est pas facile tous les jours, merci à tous les autres doctorants
du LBBE d’avoir rendu cette expérience inoubliable grâce à votre bonne humeur et surtout au soutien mu-
tuel, ne changez rien ! Je tiens à remercier particulièrement Thibault et Célia pour les discussions sur tout
et rien qui font tellement du bien, Nicolas, Sébastien, Élisa, Salomé, Valentine, Jennyfer, Élise, Morgane,
Timothée, Kamal, Mickaël, et je suis sûre que j’en oublie, vous êtes trop nombreux ! Merci à Iris aussi pour
ton soutien depuis le CEFE! Merci aussi aux permanents du labo, et en particulier Laurent, Adil et Simon!
Merci à l’équipe du pôle administratif et du pôle informatique !
Merci à ma famille qui n’a jamais douté de moi et qui m’a toujours soutenue dans tous mes projets ! Et
merci à Laura mon amie de longue date pour ton soutien inconditionnel !
Dans le contexte actuel de méﬁance vis-à-vis des experts, et notamment des professionnels de santé, je
tiens ici à remercier vivement les professionnels de santé du CMP et du CPS qui m’ont sorti la tête de l’eau
et qui m’ont aidé à la maintenir hors de l’eau tout au long de cette thèse !
Et enﬁn, merci à Maxence mon compagnon de vie qui me prouve chaque jour que la vie vaut la peine
d’être vécue !
Pour terminer, je dédie cette thèse à la mémoire de mon frère parti en emportant une grande part de
mystère avec lui.
165
